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AMENDMENT 

Sir: 

In response to the Office Action mailed December 19, 2003 [Paper No. 20] , please 
amend the above-identified application as follows: 

Amendments to the Claims are reflected in the listing of claims that begins on page 2 
of this amendment. 

Remarks begin on page 6 of this amendment. 
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In the Claims 

Applicant has submitted a new complete claim set showing marked up claims with 
insertions indicated by underlining and deletions indicated by strikeouts and/or double 
bracketing. 

Please amend pending claims 72-73, 84, and 104 as noted below. 

Claims 1 -71 (cancell e d). — 

72 (currently amended);- A method of transferring a gene into a recipient subject, 
comprising: 

(a) transfecting immortalized somatic cells in vitro with a DNA sequence by 
chemical or physical techniques to introduce the DNA sequence into the cells; 

(b) screening the resulting transfected immortalized somatic cells in vitro to select a 
cell, wherein the selected cell is stably transfected with the DNA sequence so that 
the selected cell has the permanent capacity to direct expression of the DNA 
sequence; 

(c) cloning and expanding the selected immortalized somatic cell in vitro; and 

(d) injecting the resulting transfected, screened, cloned, and expanded immortalized 
somatic cells into the recipient subject; 

wherein the DNA sequence comprises the gene and a promoter capable of functioning in 
the immortalized somatic cells; and 

wherein, following injection of the transfected, screened, cloned, and expanded 
immortalized somatic cells into the recipient subject, the DNA sequence is incapable of 
recombining with endogenous retroviral sequences, and the DNA sequence is incapable of 
initiating chronic viral infection in the recipient subject. 
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73 (currently amended). The method of claim 72, wherein the immortalized somatic cells 
are human cells. 

74 (previously presented). The method of claim 73, wherein the human cells are selected 
from the group consisting of fibroblasts, myocytes, hepatocytes, kidney capsular cells, 
endothelial cells, epithelial cells of the gut, and pituitary cells. 

75 (previously presented). The method of claim 73, wherein the gene encodes a 
hormone, an enzyme, or a receptor. 

76 (previously presented). The method of claim 73, wherein the gene encodes human 
growth hormone. 

77 (previously presented). The method of claim 73, wherein the gene encodes human 

insulin. 

78 (previously presented). The method of claim 73, wherein the transfection comprises 
calcium phosphate-mediated transfection, microinjection, electroporation, or DEAE-dextran 
transfection. 

79-81 (cancelled). 

82 (previously presented). The method of claim 73, wherein the promoter is a regulatable 
promoter. 

83 (previously presented). The method of claim 73, wherein the DNA sequence further 
comprises a selectable gene, and wherein the promoter is operably linked to the selectable gene. 

84 (currently amended). The method of claim 73, wherein the screening step further 
comprises screening the resulting transfected immortalized somatic cells in vitro to select a cell 
possessing desired expression properties. 

85-103 (cancelled). 
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104 (currently amended). A method of transferring a gene into a recipient subject, 
comprising: 

(a) providing immortalized somatic cells: 

(b) transfecting the immortalized somatic cells in vitro with a DNA sequence comprising 
the gene and a promoter capable of functioning in the immortalized somatic cells, wherein the 
gene encodes a gene product, and wherein the immortalized somatic cells are stably transfected 
with the gene so that the immortalized somatic cells have the permanent capacity to direct 
expression of the gene upon induction of the promoter; 

(c) screening the resulting transfected immortalized somatic cells in vitro to select a 
transfected immortalized somatic cell, wherein the screening comprises characterizing the 
transfected immortalized somatic cell with respect to expression and regulation of the gene by 
assaying for translation of the mRNA into the gene product; 

(d) cloning and expanding, in vitro, the transfected and screened immortalized somatic 
cell selected in step (c) to form 10 5 - 10 10 transfected, screened, cloned, and expanded 
immortalized somatic cells, and 

(e) combining the 10 5 - 10 10 transfected, screened, cloned, and expanded immortalized 
somatic ceils with a physiologically acceptable buffer or carrier; and. 

(f) injecting the resulting transfected, screened, cloned and expanded cell preparation 
into the recipient subject, 

wherein, following injection of the transfected, screened, cloned, and expanded 
immortalized somatic cells into the recipient subject, the DNA sequence is incapable of 
recombining with endogenous retroviral sequences, and the DNA sequence is incapable of 
initiating chronic viral infection in the recipient subject. 
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105 (previously presented). The method of transferring a gene into a recipient subject of 
any one of claims 73 or 104, wherein the transfected gene encodes human growth hormone. 

106 (previously presented). The method of transferring a gene into a recipient subject of 
any one of claims 73 or 104, wherein the transfected gene encodes insulin. 

107 (previously presented). The method of transferring a gene into a recipient subject of 
any one of claims 73 or 104, wherein the DNA sequence integrates into the chromosome of the 
selected cell. 

108 (previously presented). The method of transferring a gene into a recipient subject of 
any one of claims 73 or 104, wherein the DNA sequence replicates as an extrachromosomal 
plasmid. 
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REMARKS 

Claims 72-78, 82-84, and 104-108 were previously pending in this application. Claims 
72-73, 84, and 104 have been amended. As aresuit, claims 72-78, 82-84, and 104-108 are 
pending for examination, with claims 72 and 104 being independent claims. 

Claims 72-73 84, and 104 have been amended to recite that the transfected immortalized 
somatic cells are "immortalized" somatic cells. The application supports this amendment at, 
inter alia, page 3 7,* lines 27-29, where the transfected cells used in the examples are 
distinguished from "primary cells." Those transfected cells used in the examples are "[c]ultured 
mouse Ltk* fibroblasts" — an immortalized cell line. [Page 40, lines 5-7.] Thus, no new matter 
has been added. 

Provisional Obviousness-type Double Patenting 
Rejection Over Claims of Application Serial No. 08/461,292 

The Examiner provisionally rejected all the pending claims over the pending claims of 
co-filed Application Serial No. 08/461,292. [Paper No. 20 at p. 2,] Applicant intends to file a 
terminal disclaimer over Application Serial No. 08/461,292 upon* withdrawal of the remaining 
rejections. Because this is a provisional rejection, Applicant need not address it further at this 
time. 

Provisional and Actual Obviousness-type Double 
Patenting Rejection Over Claims of Later-filed Applications 

The Examiner provisionally and actually rejected all the pending claims over certain 
claims from later-filed applications and/or the resulting patents, specifically, Application Serial 
No. 09/549,200, Patent No. 6,303,379, Patent No. 6,048,729, and Patent No. 6,054,288. [Paper 
No. 20 at pp. 2-13.] Applicant notes that, as the Examiner indicates [e.g., page 4, lines 12-13; 
page 6, line 11; page 9, lines 4-5; page 11, lines 13-17], the claims of these later filed 
applications and the resulting patents specifically recite that the transfected cells are either 
primary cells or secondary cells. Applicant has amended all the pending claims to recite that the 
transfected immortalized somatic cells are immortalized somatic cells. 

The Examiner has conceded that two-way obviousness is required to support the double 
patenting rejections over the later-filed applications and resulting patents. [Paper No. 20 at p. 13, 
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lines 9-12.] Thus, these rejections must be withdrawn if either the pending claims are 
nonobvious over the claims of the later-filed applications and resulting patents, or the claims of 
the later-filed applications ^and resulting patents are nonobvious over the pending claims. "If . - - 
either analysis does not compel a conclusion of nonobviousness, up double patenting rejection 
of the obvious-type is made . . . . " M.P.E.P. § 804 at p. 800-23, col. 2 (emphasis added). 

The double patenting rejections should be withdrawn because the later-filed primary or 
secondary cell claims would not have been obvious over the earlier-filed immortalized c ell 
claims pending in this Application. One of ordinary "skill in the art familiar with such gene 
transfer to a recipient subject with immortalized cells would not have been motivated to attempt 
it with primary or secondary cells. Moreover, even if such motivation did exist, there would . 
have been no reasonable expectation of success. Thus, these provisional and actual obviousness- 
type double patenting rejections should be withdrawn. 

One of ordinary skill in the art familiar with such immortalized cell work would not have 
been motivated to attempt it with primary or secondary cells because primary and secondary 
immortalized somatic cells are very different from .immortalized cells. These differences would 
have made primary and secondary cells less desirable to one of ordinary skill in the art than 
immortalized cells. For example, primary and secondary cells have finite life spans in culture, 
where growth generally slows and arrests after about 50 to 90 mean population doublings. In 
addition, over time, primary and secondary immortalized somatic cells generally exhibit an 
increase in cell doubling time and cell volume, and a decrease in saturation density and 
senescence. In contrast, immortalized cells in culture are generally characterized by a shorter 
doubling time, decreased cell volume, and increased saturation density. It is critical to note that 
immortalized cells exhibit an essentially unlimited capacity to divide in vitro; that is, they do not 
senesce. Because these characteristics would have made immortalized cells more desirable than 
primary or secondary cells for transferring a gene to a recipient subject, one of ordinary skill in 
the art would not have been motivated to substitute primary or secondary cells for immortalized 
cells. 

Even if one of ordinary skill in the art would have been motivated to substitute primary or 
secondary cells for immortalized cells, one of ordinary skill in the art would not have had a 
reasonable expectation of success because primary and secondary cells handle DNA in a 
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fundamentally different manner than immortalized cells handle DNA. Immortalized cells are 

more susceptible to mutation and have a decreased ability to repair DNA* [Tsujimura et al., 

Proc.NatlMcad. Sci. USA 87:1566-1570, 199J0 (copy enclosed-); McGregor Immortalized 

somatic Cell and Molecular Genetics 17:463-469, 1991; (copy Enclosed).] Also, while : . 

telomeres shorten during the aging of a normal diploid cell, telomeres remain the same length in 

immortalized cells. [Harley et al., Nature 345:458-460, 1990 (copy enclosed).] In fact, 

immortalized cells possess a novel enzyme, telomerase, that prevents telomere shortening by 

adding DNA to the ends of chroi&o&bmes. .Thus, the cellular processing of DNA in primary and 

secondary cells is fundamentally different from that in immortalized cells. 

Holliday [TIG 5(2):42-45, 1989 (copy enclosed)] presents evidence of the differences 

between primary and secondary cells on the one hand and immortalized cells on the other hand. 

For example, it teaches that immortalized cells and primary and secondary cells handle DNA in 

dramatically different ways, with the genome of normal cells being much more stable than that 

of immortalized cells. For example, Holliday discusses differences in karyotype and the 

frequencies of non-disjunction of chromosomes, chromosome rearrangements, gene 

amplification, DNA methylation, and integration of foreign DNA between immortalized and 

primary or secondary immortalized somatic cells. Regarding integration of foreign DNA, 

Holliday states, at Page 44, Table 1, footnote d: 

Several laboratories have failed to obtain stable transfectants with DNA 
integrated into a chromosome. (For obvious reasons, these negative results 
remain unpublished.) An illustration of this comes from a comparison of 
human diploid fibroblasts, strain MRCr 5, and its SV40-transformed 
derivative. Both cells take up exogenous DNA, but stable transfection is 
very rare in the diploid parent, whereas it is frequent in the transformed 
derivative (L.I. Huschtscha, pers. commun.) However, DNA can be 
integrated in the chromosomes of eggs or embryonic cells, and into 
immortalized somatic cells using retrovirus vectors. 

Chromosome non-disjunction and rearrangement events in immortalized cells, which are 

generally tumorogenic, and primary cells are compared at page 42 by Holliday as well: 

Many tumour cell lines are heteroploid with a continually varying 
chromosome number. In such cells, there is probably at least one 
abnormal chromosome segregation per division, and there may be several. 
The overall frequency of nondisjunction is likely to be at least 100-fold 
higher than that of normal diploid cells. Some transformed or tumour 
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cells have^been reported toiave diploid, or quasi-diploid karyotypes, but 
such populations tend to give rise to hypo- or hyperrdiploid cells. The 
pseudo-diploid Chinese hamster ovary (CHO) cell line has been used 
- ^extensively^ ^ 
make it-possible to measure chromosome nondisjunction. In hybrids, 
heterozygous for two X chromosome-linked markers, abnormal" 
segregation occurred at rates of 1 .4 - 3.0 x 10" 3 per cell division in 
different experiments, which is almost certainly considerably higher than 
"the rate in diploid cells. 

While transformed, immortalized cells experience-la high frequency of chromosome 
nondisjunction, normal diploid cells experience a low frequency. [Holliday, Table 1.] These 
events demonstrate the substantial differences in the abilities of non-immortalized and 
immortalized cells to repair DNA damage and to maintain a stable genome. 

As exemplified by these fundamental genetic differences between immortalized and 
primary or secondary immortalized somatic cells; Hollidayclearly shows that the genomes of 
normal cells are more stable than those of immortalized cells. Holliday shows that, at the time 
the presently claimed invention was made, immortalized cells were known to possess a "piastre" = 
genetic structure^that is easily manipulated. In contrast, primary and secondary cells simply were 
not expected to process DNA in the same manner as immortalized cells, and thus would not haves 
been expected to be capable of undergoing stable transfection based on observations of 
immortalized cells. 

An article by Mes-Mason [J.Cell Sci. 94:517-525, 1989 (copy enclosed)] even more 
clearly illustrates that one of ordinary skill in the art would not have had a reasonable expectation 
of success in substituting primary or secondary cells for immortalized cells to transfer a gene to a 
recipient subject. Like the Holliday article, the Mes-Mason article reports a failure in obtaining 
stably transfected primary cells; More importantly, the Mes-Mason article reports that this 
failure was remedied by immortalizing the primary cells. Thus, "no cell lines could be 
established after transfection of primary cells with pMTONCO DNA alone," but "[g]reater than 
50% of primary cells isolated after transfection with the pSV2NEOSVEBla plasmid could 
sustain growth in culture." [page 522, columns 1-2.] Thus, Mes-Mason was not able to isolate 
cell lines derived from stably transfected cells until those cells were immortalized with 
polyomavirus. 
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-Accordingly, one of ordinary Skill inthe art would not have been motivated to substitute 
primary or secondary cells for immortalized cells to transfer a gene to a recipient subject. Even 
tf sucfe a motivation wmild have listed, oiie of ordinary skill in^the art wouldnot have had a j 
reasonable expectation of sucbfcss in susbtituting primary or secondary ceils for immortalized 
cells. The obviousness-type double patenting rejections over the later-filed applications and 
resulting patents should, therefore, be withdrawn. 
- - CONCLUSION 



In view of the foregoing amendments and remarks, this application should now be in 
condition for allowance. A notice to this effect is respectfully requested. If the Examiner 
believes, after this amendment, that the application is not in condition for allowance, the 
Examiner is requested to call the Applicant's attorney at the telephone number listed below. 

If this response is hot considered timely filed and if a request for an extension of time is 

otherwise absent, Applicant hereby requests any necessary extension of time. If there is a fee 

occasioned by this response, including an extension fee, tiiat is not covered by an enclosed 

check, pleasecharge any deficiency to Deposit Account No. 23/2825. 

- ' Respectfully submitted, 

Richard F Selden, Applicant 

~ ■ ■ Michael T. Siekman, Reg. No. 36,276 

Wolf, Greenfield & Sacks, P.C. 
600 Atlantic Avenue 
Boston, Massachusetts 02210-2211 
Telephone: (617) 720-3500 
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Frequency of intrachromosomal homologous recombination induced 
by tTV radiation in normally repairing and excision repair-deficient 
human cells 

fxeroderma pigmentosuni/gehe conversion/ rate of spontaneous jecombination/hygromycin resistance) 
TOHRU TSUJIMURA*, VERONICA M. MAHER*t, ALAN R. GODWIN*;, R. MICHAEL LlSKAY*, . 

and J. Justin McCormick*: " * ^ ~ . " ' 

♦Carcinogenesis Laboratory, Fee Hall, Departiheatfof. Microbiology and Depjatftmentr-bf Biochemistry, Michigan State University; East Lansing, ; - 

MI 48824-1316; and ^Departments of Therapeutic Radiology and HumaruGenetics, Yale University School of Medicine, New Haven, CT 06510 

Communicated by Philip C. Hanawalt, December 4, 1989 (received for review August 14 P 1989) 



ABSTRACT To investigate the role of DNA damage and 
nucleotide excision repair in intrachromosomal homologous 
recombination, a plasmid containing duplicated copies otthe 
gene coding for hygromycin resistance was introduced ijit%the 
genome of a repair-proficient human cell line, KMST%, and 
two repair-deficient lines, XP20S(SY) from xeroderma - pig- 
mentosum complementation group A and XP2YO(SV) from 
complementation group F. Neither hygromycin-resistatice gene 
codes for a functional enzy me be cause each contains an 
ih^el^iori/deletion mutation af a~unique site, but recombina- 
tion between the two defective genes can yield hygromycin- 
resistant cells. The rates of spontaneous recombination in 
normal and xeroderma pigmentosum cell strains containing the 
recombination substrate were found to be similar. The fre- 
quency of UV-induced recombination was determined for three 
of these cell strains. At low doses, the group A cell strain and 
the group F cell strain showed a significant increase in fre- 
quency of recombinants. The repair-proficient cell strain re- 
quired 10- to 20-fold higher doses of UV to exhibit comparable 
increases in frequency of recombinants* These results suggest 
that unexcised DNA damage, rather than the excision repair 
process per se, stimulates such recombination* 

Cells from persons with an inherited predisposition to skin 
carcinomas on sunlight-exposed areas, xeroderma pigmen- 
tosum (XP) patients (1), are markedly deficient in nucleotide 
excision of DNA damage induced by UV radiation, sunlight, 
and chemicals that produce DNA lesions similar to those 
induced by UV (2). XP cells are abnormally sensitive to the 
cytotoxic, mutagenic, and transforming effects of such agents 
(3-7). Since protooncogenes can be activated by point mu- 
tations (8), the increased sensitivity of XP cells to mutation 
induction is considered to contribute to the abnormally high 
frequency of tumors in these patients. But recent evidence 
points to homologous recombination in somatic cells as 
another mechanism in the multistep process of tumorigenesis 
(9-11). For example, Cavanee et al. (9) showed that recom- 
bination in cells from a retinoblastoma patient allowed a 
mutant allele of the RBI locus to become homozygous, 
permitting expression of the recessive phenotype in the 
tumor cells. If unexcised DNA lesions promote homologous 
recombination, then XP cells could be prone to increased 
homozygosis of oncogenes through recombination. 

Wang et al (12) showed that DNA-damaging agents, 
including UV, can induce a dose-dependent increase in the 
frequency of intrachromosomal homologous recombination 
in mouse cells in culture, and Bhattacharyya et al. (13) 
showed that the increase correlated with the number of DNA 
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adducts formed. However, there were significant differences 
between agents Jn the frequency of recombination induced 
per adduct, arid these could not be explained by differences 
in overall raie of excjsioir of the adducts formed. From this 
study it was^not possible determine whether the recom- 
bination resulted from unrepaired adducts or from the pro- 
cess of excision repair itself. To answer these questions, we 
have studied spontaneous and UV-induced intrachromor 
somal recombination in human cell lines that differ in their 
capaci ty fo r extdsic^repain^e'fcmnxHhat-ti 
similar rates of spontaneous intrachromosomal recombina- 
tion, but the frequency of UV-induced recombination in the 
XP cell strains is much higher than in the repair-proficient cell 
strain. 

MATERIALS AND METHODS 

Construction of pTPSN. A hybrid sequence consisting of 
the promoter of the Herpes simplex virus 1 thymidine kinase 
Qitkl gene, the coding region of the gene coding for hygro, 
mycin CHyg) resistance (/ty^^ncfthe poly(A) site of the Utk 
gene was constructed by replacing a Bgl ll-Sma I fragment 
of the Ktk gene in pTK173 (nucleotides 460-1625; ref..l4) s 
with a 1.3-kilobase-pair (kbp) HindlU-Bgl II fragment con- 
tainingihe coding region of the hyg gene (15). This hybrid hyg 
gene sequence was shown by transfection to be functional in 
mammalian cells. The first insertion/deletion mutation was 
introduced into the hyg gene at the unique Pvu I site (nucle- 
otide 594; ref . 15) by resection with T4 DNA polymerase and 
ligation of a 10-bp HmdlEI linker (see Fig. 1). The second 
insertion/deletion mutation was introduced at a Sac II site 
(nucleotide 1011; ref 15) by resection, with T4 DNA poly- 
merase and addition of ~z 10-bp MindUl linker. The first 
mutant gene as a 2.2-kbp Pvu II fragment was cloned irtto~the 
unique Sea I site of plasmid pJS-1 (16). The second mutant, 
also on a 2.2-kbp fragment, was cloned into pJS-1 at the 
unique BamHl site using BamKl linkers. The two mutations 
are located 417 bp apart in the hyg gene. The two genes are 
distinguishable in Southern blot analysis because the Pvu I 
mutant hyg gene is recoverable on a 2.9-kbp Dra I fragment, 
whereas the Sac II mutant hyg gene is recoverable on a 
2.6-kbp Dra I fragment or on a 2.2-kbp BamEl fragment (Fig. 
1). 

Cells and Culture Conditions. The KMST-6 cell line (17), 
from M. Namba. (Kawasaki Medical School, Kawasaki, 
Jai>an), and the simian virus 40-immortalized XP cell lines 
. [XP20S(SV), complementation group A, and XP2YO(SV), 

-Abbreviations: Htk, Herpes simplex virus 1 thymidine kinase gene; 
G418 r , G418 resistant; Hyg, hygromycin; Hyg r , Hyg resistant; hyg, 
gene coding for Hyg resistance; neo t gene coding for G418 resis- 
tance; XP, xeroderma pigmentosum. 
tTo whom reprint requests should be addressed. 
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Fio. 1, Construction-=of pTPSN showing orientation of the two 
hyg genes and of the neo gene and-ihe size of the restriction enzyme 
fragments. B, £amHI;'C, Cla I; ET, Dra I;.H, HindUl; P, Pvu II; S, 
Sea I. The stippled or hatched areas indicate gene promoter regions. 
The arrows indicate the direction. of transcription. 

group J 7 (18)], supplied by H. Takebib (Kyoto University, 
Kyoto, Japan), were cultured in Eagle's minimal essential 
z medium with 10% (vol/vol) fetal bovine serum and modified 
as in ref. 12. 

DNA Transection and Isolation of G418-Resistant (G418 1 ) 
Transfectants. Cells were transfected as describeid (19) and 
selected with 200 /xg of active G418 (GIBCO) per ml of 
medium 24 hr later. After 3 weeks, colonies were transferred 
to small wells and propagated in selective medium. 

Southern Blot Analysis. DNA was isolated "and digested 
with BarnHl, Dra I, and Hindlll using the supplier's (New 
England Biolabs) recommended conditions, and Southern 
blotting analysis using the Hyg gene as probe was carried : but 
as described (19). { 

Optimizing Conditions for Selection: with" Hyg. A concen- 
tration of Hyg (Calbiochem) 2-3 times higher than that 
required to reduce the survival of the nontransfected parental 
cell lines to <0.01% of the untreated control was determined 
empirically to be 30 /ig/mi for KMST-6 : 9, 100 /tg/tnl for 
XP20S(SV)-18, and.80 /tg/ml for XP2YO(SV)-65. The effect 
of cell density on " the recovery 3)f Hyg-resistant - (Hyg 1 ) 
colonies was determined hy plating each cell strain at 0.3 x 
10 6 to 2 x 10 6 cells per lOOrtnm diameter dish. Sixty Hyg 1 " cells 
taken from recombinant colonies derived from the corre- 
sponding cell strain were added into halfVof the dishes.- and 
selection with Hyg was ; begun :24 hr later -and continued for 
3 weeks, with fresh culture medium containing Hyg added 
every 5 days. Recovery.was determined from the number of 
colonies formed, corrected for the spontaneous background. 
Th6.se reconstruction studies indicated that densities of 3 x 
10 s " to J x 10 s cells per, dish were optimal. Electronic cell 
counting revealed that cell attachment ranged from 70% to 
95%. For each subsequent experiment this number was 



determined empirically at the time of carcinogen treatment to 
determine the number of target cells present. 

Determination of Rate of Spontaneous Recombination. The 
rate was determined using fluctuation analysis (20). For each 
„ assay, 10-20 parallel cultures of 300 cells were plated into 
small wells and propagated to 5 x 10 6 or 1 x 10 7 cells. 
Approximately 1 x 10 5 cells from each of these subcultures 
were plated, at 5 x 10 5 cells per 100-mm diameter dish. 
Selection vfith' 7 the 'designated concentration of Hyg was 
begun after 18 nr. Representative colonies were isolated for 
further characterizlrtibri. The rest were stained and the rate of 
recombination was calculated (21). 

Reconstruction Studies ~to Determine the JReco very ofcUYr 
Induced Recombinants. A lawn of each cell strain (5 x 10* 
cells per dish) was plated into 20 dishes. Ten dishes of each 
set were seeded with 60 Hyg r cells from recombinant clones 
derived from the corresponding cell strain. The other 10 had 
only the lawn. One-half of each series was exposed to a dose 
of UV known to give 40-50% survival and, after 24 hr, the 
cells were selectedwith Hyg. After 3 weeks, the dishes were 
stained an&the fraclior^of Hyg r ^cells recovered as colonies, 
was determined. . "J ■ f ~ r 

Assay for^UV-Induced Cytotoxicity and Recombination. Ex- 
ponentially growing cells "were plated at 5 x 10 s cells per dish. 
Sufficient dishes were used for each dose so as to have 1.5 x 
10 6 surviving target cells. An extra set of cells plated at cloning 
densitiesAvas-used-to assay survival. Theeells-were irradiated - 
as described (6) 15 hr later. Cells plated at low density were 
allowed 14 days to form macroscopic colonies, with one 
refeeding. The rest were selected with Hyg. After 3 weeks, 
clones were counted and representative recombinants were 
isolated for.characterization. The frequency of recombination 
was determined from the 'number of Hyg r colonies corrected 
for the number of viable" cells. The frequency of induced 
recombination was determined by subtracting the background 
frequency observed in the control population. 
' determination of Unscheduled DNA Synthesis. Cells were 
plfcted into two sets of : 35-rkm4iafheter dishes (at 1 x 10 s cells 
per dish) and, after 24 hr, the medium was exchanged for 
culture medium containing oriackmg hydroxyurea (10 rnM). 
Then 30 min later the cells were rinsed with isotonic phos- 
phate-Jmffered saline and irradiated with 15 J/m 2 or not 
irradiated, refed with their respective medium supplemented 
with [ 3 H]thymidine (10 /xCi/ml, 80 p/mmol; 1 Ci = 37 GBq)* 
and incubated at 37°C for 3 hr. The UV-induced incorpo- 
ration of [ 3 H]thymidine was determined (22) from the counts 
in the irradiated cultures compared to the control, taking into 
account the inhibitory effect of hydroxyurea on S-phase 
incorporation. As a second method, cells were seeded into 
dishes containing cpvershps, irradiated with 15 J/m 2 after 24 
hr, and allowed to incorporate [^thymidine for 3 hrfThe 
coverslips were processed for autoradiography and analyzed 
automatically (23). : ; 

- RESULTS 

Construction and Characterization of the Human Cell 
Strains Containing the Recombination Substrate. The sub- 
strate used for previous studies on carcinogen-induced ho- 
mologous recombination (12, 13) contains duplicated copies 
of the Qitk) gene, and this requires that the host cells be 
. thymidine kinase^deficient. To broaden the range of lines that 
could be employed in the study of the role of DNA repair in 
such recombination, ; we ~ constructed a plasmid, pTPSN, 
containing duplicated copies of the dominantly acting hyg 
gene, each inactivated by an insertion/deletion mutation 
generating unique Hindlll sites (Fig. 1). Tlje nature of these 
mutations makes reversion highly unlikely. The hyg genes are, 
in direct-repeat orientation and flank the dominandy acting 
gene coding for G418 resistance (neo). pTPSN was linearized 
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Fig. 2. Southern blot analysis of genomic DNA frpm various 
transfectants to determine the number and integrity of the recombi- 
nation substrate. To determine the number of copies, the DNA was 
digested with BamHl (lanes A2 t A5, B2.C2, and-C5). To determine- 
if the two hyg genes were intact r the DNA was digested with Dra I. 
(lanes A3, A6, B3, C3, and C6). To see if the- linker insert was--. 
. present, the DNA was digested withj>«i I and HindJJl (lanes A4, A7,~ 
B4, C4, and C7). As a control, DNA from nohtfansfected parental 
cells was digested with BamHl (lanes Al, Bl, and CI). Lanes: Al, 
KMST-6; A2-A4, KMST-6-9; A5-A7, KMST-6-19; B1;XP20S(SV>; 
B2-B4, XP20S(SV)-18; CI, XP2YO(SV): C2-C4, XP2YO(SV>51; 
C5-C7, XP2YO(SV)-65. , f 1 : 

at its unique Cla I site to facilitate integration of the two hyg 
genes in the proper configuration and introduced into repair- 
proficient cell- line KMST-6 and XP cell lines XP20S(SV) and 
r XP2YO(SV). The frequency of G4lS r transfectants per 1 x 
10 5 cells per fig of DNA was 11 for KMST-6; 9.8 ± 6.9 for 
XP20S(SV>; and 8.1 ± 4.1 for XP2YO(SV).- - 

Representative "G418 r transfectant cell strains from each 
parental line were isolated, tested for the ability to yield Hyg r 
recombinants, and analyzed by Southern blotting to deter- 
mine the number of copies of the plasmid and to examine the 
integrity ofjhe hyg genes. As shown in Fig^l, digestion with jz 
BamHl should produce a 2.2-kbp band and one or mote larger : 
junction fragments containing the-other hyg gene. If only a 
single integrated copy of the substrate is present, one junc- 
tion fragment band will be seen; if two copies of the substrate 
have integrated at separate sites, there" will be two junction 
fragments ,_etc. If the hyg genes are intact, digestion with Dra 
I should produce two bands (2.6 kbp and 2.9 kbp). Digestion 
with Dra I and Hindlll should produce a 1.7-kbpi band, a 
1.4-kbp band, and a 1.2-kbp band composed of two frag- 
ments. The BamHl data suggested that KMST-6-9 and ■ 
. XP2YO(SV>65 contain a single copy. of the/plasmid; KMST-J 
" 6-1, Xl£6S(SV)-18, and XP2YO(SY)-51 "have two copies; - 
and KMSf-6-i9 has three copies. Digestion with Dra I 
showed that the hyg genes were intact in all of -these strains 
except XP20S(SV)-18, which had an extra band, larger than 



the two expected bands. Digestions with Dra I and frmdIII 
indicated that all the hyg genes contained the Hindlll linker 
insertion mutation. Examples 1 of such analyses are shown in 
Fig. 2. The fraction of suitable G418 r transfectants from each 
of the human cell strains (i.e., having a low number of copies 
of the plasmid and productive for Hyg r colonies) was similar. 
- Six of these suitable cell strains were further tested for their 
rate of spontaneous recombination by using fluctuation anal- 
ysis tests. The results are indicated in Table 1. The rates of 
spontaneous recombination per 1 x 10 6 cells per generation 
rangeoVfrom 2.1 £ $.0 to 10.5 ± 3.0, with a mean-value of 4.6 
for the KMST-&-derived celT strains, ~a- value -.of 8.3 for 
i XP2f>S(SV)-18 ; , anda mean value of 6:5for theXP2YO(SV> 
derived cell strains. 

Relative UV Sensitivity of the Cell Strains and Their Excision 
Repair Capacity. From each of the three parental cell lines, 
a transfectant cell strain with a low copy number of the 
substrate was'ichosen for study. Their sensitivity to UV was 
determined from loss ofcolony-forming ability. As shown in 
Fig. 3 Upper, the XP ceil strains were significantly more 
sensitive to UVHhan the IMST-6-deTived cells. The curve 
for the latter is Comparable to that of diploid fibroblast cell 
lines derived frcftn normM persons (5-7). 

The relative capacity of these cell strains to carry out 
UV-induced unscheduled DNA synthesis was compared using 
two methods. The extent of UV-induced incorporation of 
[ 3 H]thymidine (dpm per 1 ^ 10 5 cells) was 70 x 10 3 for 
KMST-6-9 cells, 7 x 10 3 for the XP2YO(SV)-65, and 11 x 10 3 
for the XP20S(SV)-18 cells; The mean numbers of silver 
grains observed per nucleus were consistent with these results 
(i.e., 35.2 ± 9.1, 8.2 ± 4.8, and 7.1 ± 4.9, respectively). 

Optimization of Conditions for Measuring the Frequency of 
UV-induced Recombination. Cells from each cell strains were 
plated, irradiated with doses" giving 40% survival, and se- 
lected with Hyg after various expression periods, The results 
(data not shown) indicated that selection could be started as 
. early af i2.hr after treatment^ a^ late as 48 hr. Therefore, 
a 24-hr expression period was^used. Reconstruction studies 
to determine the recovery of recombinants under the exper- 
imental conditions involving UV indicated that, when the 
fraction ofb cells that attached (70%-95%) was taken into 
account, recovery was 100%. Reconstruction studies also 
showed no difference between Hyg-sensitive cells and Hyg r 
cells, in sensitivity to UV. 

Frequency of Homologous Recombination Induced by UV 
Radiation. As shown in Fig. 3, the XP cell strains exhibited 
a dose-dependent increase in the frequency of Hyg r recom- 
binants at low doses (i.e. , 0.1^1.0 J/m 2 ); the excision repair-" 
proficient KMST-6-9 cell strain required 10- to 20-fold higher 
doses of UV radiation to exhibit, comparable increases in 
recombination.. These results suggest that unexcised DNA 
damage induced by UV radiation, rather than the nucleotide 



Table 1. Rate of spontaneous recombination in various cell strains 
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. .copy 
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G418 r transfectant, cell strains yielded Hyg r clones and, therefore, were tested for rate, Recombi- 
nation values have? not been divided by the plasmid copy number. 

♦This value takes into account that recombinants of this particular cell strain exhibited 70% survival 
at a Hyg concentration of 50 jtg/ml. 

tThis value takes into account that recombinants of this cell strain exhibited 95% survival at a Hyg 
concentration of 100 /ig/ml. 
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excision repair process per se, stimulates homologous re- 
combination. 

Characterization of Recombination Products. The types of 
recombination products induced by UV in these cells were 
compared with the spontaneous recombination products. For 
KMST-6-9juid XP2YO(SV)-65 ceils, which contain only a 
single copy of the plasmid, the ratio of gene conversions to 
single reciprocal exchanges can be determined by assaying ~^ 
the recombinants for G418 resistance. A single reciprocal 
exchangexe^sults jn a single wild-type copy of the hyg gene 
Jind lofs ofthef neo gene (Fig". 4 Upper). In^contrast, a gene 
cojive&ofrevent^ duplication and the' 

neo gene. "Results of the biological assay with these two cell 
strains suggested that all of the events involved gene con- 
version. T6 confirm the bioassay in single-copy strains and to 
determine the ratio of gene conversion to reciprocal exchange 
in multicopy strains, Southern blot analysis was performed,.; 
The results (Table 2 and Fig. 4) showed that all but one of the 
events involved gene conversions, iln gejieral, except for 
strain XP2YO(SY)-65, there was a bias toward conversion of : 
the Pvu I tnutant gene in both the. spontaneous and ifoe 
UV-induced gene conversion. \ z ... ~^ ~ : 

- DISCUSSION 

We have investigated the role of UV-induced DNA damage 
and nucleotide excision repair in ihtrachromosomal homol- 
ogous recombination, using a cell strain with a normal 
capacity for nucleotide excision repair and two 'repair- 
deficient XP cell strains representing complementation 
groups A and F. ^ 

Six~cell strains with low copy numbers of intact substrate 
were tested by fluctuation analysis to determine rates of 
spontaneous recombination. The rates for the three XP 
strains did not differ significantly from the rates for the 
normal strains (Table 1), indicating that the repair deficien- 
cies ufthese XP cell, strains had no detectable effeejt on the : 

~ -■- ^ "'" • DOSE-UViJ/m 2 ) - : 

2 4-6 8 




"0 2 "4 6*8 

DOSE.UV (J/m 2 ) . . 

Fig. 3. Cell killing {Upper) and induction of recombination 
(Lower) as a function of UV dose. Triangles, XP20S(SV)-18; 
squares, XP2YO(SV)-65; circles, KMST-6-9. (Upper) Data (0 from 
experiments in which only the cytotoxic effect of UV was measured 
as well as (if) from the survival results from the recombination assays 
(Lower). Background frequencies have been subtracted. These val- 
ues per 1 x 10 6 cells were as follows: 31 (a); 34 U), 9.4 (b), 28 (n), 
43 (a), 5.6 (©), 22 (©), 30.6 (o). 



spontaneous rate of intrachromosomal recombination. In 
addition, these results support the hypothesis that spontane- 
ous recombination does not result from the presence of DNA 
damage that resembles the lesions induced by UV. Further- 
more, the types of recombination products (i.e., gene con- 
version versus reciprocal exchange) recovered from normal 
and XP cells wore similar." 

^concluding that the DNA repair deficiencies of theXP- 
cell strains did not affect the types of recombination products 
obtained, it must be pointed out that in the present study, 
essentially all -the Ttyg gene recombinants had patterns con- r 
sisteht with gene conversion (fable 2). In contrast, in studies 
of spontaneous (16, 20)^or carcinogen-induced r intrachrom5- 
somal homologous recombination (12, 13) using mouse L 
cells. containing a plasmid with duplicated copies of the Htk 
gene, the ratio of gene conversion events to single reciprocal 
exchanges between the Utk genes was 85:15. This difference 
may reflect tKe difference in cell strains or in recombination 
substrates or an inability to recover the reciprocal recombi- 
nation product; In reciprocal jrecombinants, the hyg gene 
lacks the neo gene enhance?-, and it is possible that the level 
of hyg expression in such recombinants is inadequate. The 
possibility that fewer ieVels oT expression are responsible for 
the observed low frequency, of reciprocal recombinants with 
hyg genes is strengthened by results using the Htk gene as a 
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Fig. 4. Southern blot analysis: of DNA from various Hyg r re- 
combinants and their corresponding Hyg-sensitive cell strains to 
determine the type of recombinational product. (Upper) Kinds of 
recombination products generated by gene conversion or reciprocal 
exchange. Abbreviations, are as in Fig. 1. (Lower) Southern blot 
analysis. Lanes: 1-4, KMST-6-1 and three of its recombinants; 5-7, 
KMST-6-9 and two of its recombinants; 8 and 9, XP20S(SV)-18 and 
one of its recombinants; 10-12, XP2YO(SV)-65 and two of its, 
recombinants. The DNA in the first lane of each set was digested with 
Dra I, and that in each of the other lanes of a set was digested with 
Dra I and Hindlll to determine which mutant hyg gene was con- 
verted to wild type (HindlU resistant). 
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Table 2. Molecular characterization of independent spontaneous and UV-induced Hyg r 
recombinants from each cell strain 
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Uv'-inducedt" 












KMST-6-9 


12' 
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10 


0 




XP20S(SV)-18 


15 ' ' 


15 


0 


0 




XP2YO(SV)-65 


5 


.4 


1 


0 




Total 


32 :i 


21(66%) 


11 (34%) 


0(0%) 



sEach spontaneous- recombinant was. isolated frpm an independent subpopulation derived from 
fluctuation tests. Each UV-induced recombinant waslsolated from an independent population given the 
highest UV dose. Values in parentheses are* percentage of total:" A gene conversion inipjju I "mutant " 
is'detected as> 2.9-~kbp bra I fragment;. a gerte" conversion in & Sac II mutant is detected ip a-2.6-kbp 
Dra I fragment. \ . ' . - . :r " _;" . * ^ ^ r - 



substrate for "intrachf omosomal recombination in .human 
cells showing that reciprocal-exchange products are found in 
10% of the total spontaneous and UV-induced recombinants . 
in both repair-proficient and -deficient strains (24). 

XP cell, strains exhibited a significant dose-dependent 
increase in the frequency of recombinants at low UV doses. 
With the normal cells, a 10- to 20-fold higher UV dose was 
required for a comparable increase in frequency. Of rele- 
vance, these normal cells exhibited a 40-fold higher rate of 
UV-induced unscheduled DNA synthesis ^repair synthesis) 
than the XP cells. These data suggest that the excision repair 
functions that are defective in the XPxells are not required 
for UY-5timulated"hq^ anchsupport 
the conclusion-that intraehromosomarYecomb&adoais Itiih- 
ulated by persistent UV-induced lesions. Such stimulation 
could be due to discontinuities in daughter-strand DNA near 
the site of the UV-induced lesions that could provide a 
substrate for initiating recombination. Our data for iiitra- 
chromosomal recombination are consistent with extrachro- 
mosomal recombination studies showing thatthe frequency 
of recombination among UV-irradiated infecting virus is 
higher in excision repair-deficient human cells than in repair- 
proficient cells (25). DNA damage can enhance DNA- 
-mediated transformation of human cells (26-29), but not 
" rodent cell lines (29), probably by -increasing the chance of 
integration of the transacted DNA.rTherefore, it appears that 
persistent DNA damage can influence both homologous and 
nonhomologous recombination in human cells. 

Finally, since mitotic recombination between homologous 
chromosomes can lead to homozygosity of recessive onco- 
genes, the results of our study suggest that the increased risk 
of certain malignancies in individuals with XP could reflect 
increased recombination after DNA damage. 
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Abstmct^Spontaneous thioguanine -resistant mutants were derived from populations of finite-life- 
span, diploid humanjibroblasts by means of a fluctuation analysis. cDNA was prepared from 
'mutant HPRT mRNA and amplified by the polymerase chairi reaction, and ihe sequence of the 
product was analyzed. Exon deletions, which very likely arose from mutations in the intron splice 
site consensus sequences^were found in lQ;qf.[he;37 mutants examined (27% of the total). Among 
the 28 mutations in the coding sequence, base pair substimnons r predominated.(89%). With the 
. exception of one base pair involved in a tandem mutation* all base pair substitutions resulted in 
^alterations in the predicted amino acid sequence of the protein. In addition there were , three 
frameshift mutations, consisting of the deletion of one or two base pairs. Although mutations 
occurred throughout the coding sequence, 50% (14/28) were found in the 5* portion of exon 3. 



INTRODUCTION / 

^Populations of diploid human fibro- 
blasts in culture exhibit a mutation race at the 
X-Iinked hypoxarithine (guanine) phosphori- 
bosyltransferase (HPRT ) locus of approxi- 
mately 6 per 10* cells per cell generation (1). 
These mutations, which are designated spon- 
taneous mutations because- they occur in the 
absence of anyrknown mutagenic agent^arise 
as a result of endogenous damage to DNA, 
e.g., deamination of cytosine, or errors " 
introduced into the genome during the 
. process of DNA synthesis. Attention recently 
has been focused on spontaneous mutations 
generated, during cell replication because 
. these may be implicated in the pathogenesis. 
, of human cancer (2-4).-Yet knowledge of the 
nature of such spontaneous mutations in 



endogenous genes of mammalian cells or of 
the molecular mechanisms that result in such 
mutations is still limited. 

Molecular genetic analysis of spontane- 
ous mutagenesis in such cells began with the 
study of exogenous genes that have been 
integrated into the genome of rodent, cell 
lines (5-7). Gross alterations, i.e., deletions 
and insertions, were the mpst abundant kind 
6f mutations observedlin those assays. DNA 
sequence analysis of spontaneous mutations 
arising in an endogenous mammalian gene 
has been reported from the laboratory of 
Glickman (8) and Meuth (9, 10). These 
investigators examined the endogenous ade- 
nine phosphoribosyltransferase (apn) locus 
of an infinite-life -span rodent cell line (CHO) t 
utilizing restriction digest subcloning strate- 
gies or polymerase "chain reaction (PCR) 
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amplification of genomic DNA to obtain 
mutant DNA for sequence analysis. Their 
studies showed that the mutations were 
primarily base .pair substituttons^^weverr- 
the ^ mutational speetra : found ia ihe *wo% 
laboratories did hot agree with each other. In" 
particular, one position at which 23% of the 
base pair substitutions were located in a 
study of 30 mutants (8) was not found to be 
altered in two other studies, which examined 
a total' of 12(knutants (9,'ilO). 

Before _|h^ advent^ of the PGR tech- 
nique, which allows exponential amplifica- 
tion of a specific sequence with known 
flanking regions,, it was not feasible to 
determine the -nature of the mutations 
arising spontaneously during extended cell 
replication in finite-life-span cells. This is 
because the number of population doublings 
required for a fluctuation anaiysis^test (11), 
followed by expression of G-thioguanine 
(TG) resistance "and the formation of a 
macroscopic clone, brought the cells of 
interest to near the end of their in vitro 
life-span. The ceils usually could not repli- 
cate a sufficient number of additional genera- 
tions to provide the: large number of cells 
required for genomic DNA or RNA extrac- 
tion. However, Yang et al. (12) described a -. 
method using PGR to amplify cDNA comple- 
mentary to mutant HPRT raRNA directly 
from the lysate of a very small number of 
such cells (100-200). This method has been 
used to analyzed the nature of mutations 
induced byr various agents . in tfie' cbding 
region of the endogenous HPRT locus of - 
diploid human fibroblasts (13-16). In the 
current study we report- the results of DNA 
sequence analysis of the coding region of the 
HPRT gene of 37 independent TG-resistant 
mutants that arose in populations of fibro- 
blasts that had been expanded 2 ls -fold in a 
fluctuation analysis -test (11), Ten mutants 
were missing artexoR; three had a deletion of 
one or two base pairs; 23 had a single base 
pair substitution; and one had a "tandem 
substitution. The base substitutions were all 
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types except A-T—T-A. No single pre- 
dominant mechanism could explain the types 
of changes seen. The Jesuits provide a data - 
base for comparison with induced mutational 
sgectraatthis locus; ;"' 

MATERIALS AND METHODS 

Cells and Culture Conditions. A finite- 
life-span diploid human fibroblast cell line 
explanted from neonatal foreskin (17), desig- ' 
natedv-SL89,- was used for generating and' 
selecting TG-resistant cells. Early passage 
cells were used and were routinely cultured 
in a modified MCDB-110 medium (18) 
contaiiung 10% supplemented bovine -calf • 
serum (Hyclone, Logan, Utah) (culture : 
medium). For selection of TG-resistant cells, 
the same medium, but lacking adenine and = 
containing. 5% fetal bovine serum, 5% 
supplemented: calf seram, and 40 jiM TG 
was "used (selection medium). Cell culture 
rooms and hoods were illuminated with 
yellow lights to avoid induction of DNA 
lesions. 

Generation and Selection of TG-Resistant 
Cells. Each spontaneous TG-resistant clone 
was obtained by establishing a series of 
independent cultures of 10 3 cells each and 
allowing these cells to replicate through 15 ' 
population doublings to yield ~3 x 10 7 cells. 
In selection medium 1 x 10* cells from each 
culture were reseeded at 500 cells/cm 2 , and 
• the cloning efficiency of the cells was also 
determined by plating at low density. When 
macroscopic TG-resistant colonies had devel- 
oped 14 days later, these were located and ■ 
isolated. Since the cells in each clone had ■ 
undergone about 40 population doublings I 
since the beginning of the fluctuation test i 
assay, their ability to be expanded further < ! 
was limited. Therefore, HPRT cDNA was 
amplified direaly from lysates of the cells in 
each individual clone. 

Synthesis of First-Strand cDNA Directly 
from mRNA in Cells. Clones, consisting of 
100-500 cells, were trypsinized and sus- 
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pended in 0 5 ml ice-cold, RNase-free phos- 
phate-buffered saline, pH 7.4, and centri- 
fuged' in-; an RNaserfree Oo:mii Epp^ndorf 
tube fo'r 10-min^at 4°C. The supernatant was 
removed, and the cell pellet was resus^ended 
in 5 |U of the cDNA cocktail described by 
Yang et al. (12). The reverse transcriptase 
reaction was performed at 37°C for 1 h to 
allow the cell .membranes to be lysed by 
detergent *^n<k first-strand-; cDNA to be 
synthesized from total cytoplasmic poIy(A) 
mRNAj' . T t ^ - • , . 

Amplification o/HPRT cDNA and DNA 
Sequencing. The experimental conditio ns^ op- 
timized for -preparing second-strand HPRT 
cDNA, ampiif)iig;tie cDNA 10"-fold using 
two sets of primers and two PCR stages of 30 
cycles eaph, and sequencing the products 
directly using three^equenciiig primers and a 
modified Sanger dideoxynucieotide proce- 
dure have been descMbed (12). 

RESULTS AND DISCUSSION 

Mutant Frequency. t^A population of dip- 
loid human cells, with a -.background fr^ > 
quency of TG-resistant cells of less than 1 x 
10' 5 was distributed into" six independent 
cultures composed of-10 3 cells/35-mm dish, 
and the ceils were propagated through 15: 
population doublings to approximately 3 x 
10 7 cells/culture. The probability that an 
initial culture of 10 3 cells > contained a 
preexisting background mutant was less than 
1/100. At the-end of the expansion, 1® cells 
from each culture were assayed for TG 
resistance. The mutant frequency observed 
was 5.5 ± 5/10 6 clonable cells (range 
1.1-14.0). The cloning efficiency ranged from 
42% to 60%. 

Nucleotide Sequence Alterations. Table 1 
lists the kinds of mutations observed and 
their locations. imthe r coding sequence of the 
human HPRT gene. Among the 37 mutants 
sequenced, Kk(27%) exhibited a missing 
exon. Although there : are. no published 
studies of the DNA sequence of spontaneous 



HPRT mutants in human ceils for direct 
comparison, .the proportion of missing exons 
among ^spontaneous' apn ;mutaxxts in the - 
tpd^it CHO cell .line WWen reported to 
range from 10% (15/150) (19) to 100% (3/3) 
(20) ? ;A recent analysis of spontaneous APRT 
mutants in a human colon cancer cell line 
(SW620) indicated .that 20% (6/30) had 
splice site alterations. (21). In. addition, 
among HPRT mutants induced by UV light in 
populations- of human fibroblasts, 26% had 
missing exons (16). ; The relatively high " 
proportion of missing exons found in these 
studies may reflect, ; to some , extent, the 
stringency of selection with purine analogs, 
but splicing errors are likely to be important 
in spontaneous and induced mutagenesis. 
The molecular nature, of the mutations 
responsible for these missing exoris was not 
evaluated in the^ present -study ^since we have 
analyzed the sequence of the coding region, 
but such missing exons are likely to have 
resulted from point mutations in the splice 
site^consensus sequences, rather than from 
large deletions within the gene. This assump- 
tion is supported by thei act that among 150 
apri mutants arising spontaneously in popula- 
tion? of CHO cells, all of the mutations found 
were either in the coding region or in the 5' 
splice sites when the genomic DNA of that 
locus was sequenced (19), 

Among the 27 mutants in our study that 
exhibited a mutation in the coding sequence, . 
, three contained a deletion of one or two base 
-pairs, and the rest contained base substitu- 
tions, mainly single "base substitutions. At 
least two of these deletions might have 
resulted from strand slippage during DNA 
replication, since the surrounding sequences : 
contained two base pair repeats (22). Such 
structures were also- found to flank deleted 
sequences in spontaneous aprt mutants that 
arose in rodent- cells (19). 

The 24 mutants analyzed that, exhibited 
base pair substitutions included a tandem 
alteration, for a total of 25 substitutions. All 
but one base substitution, in a mutant that 
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Tabid, Kinds and Lc^tioiu of Mutations^ ;" 

7. : Finite-Bfe--Span i Human Fib rob fasts "" * T - -\ *■ ?. ■ "? ~- 



Mutant 



Position 



Exon 



" Type of 
mutation 



' Surrounding 
sequence 



I. Base substitutions 






SP27 


106 


2 


TA-CG 


SP4 


142 


3 . 


CO — AT 


$P9 


178" _ 


3.. 


CO — T*A 


SP35 


178" 


3" 


CO-T-A 


SP30 


"186 i )- " 


3." 


TA — GO 


SP7 


,193 


3. 


CO T- A 


SP20 


H93 


3 


OG-T-A 


SP21 


193 


3 




SP22 


197 


3 - 


: . G-G-^CG 


SP26 


197 


3 


G-C - CG 


SP6 


202 


3 


CG-TA 


SP29 


220 


3 


T* A — CO 


SP1 


221 


3 


TA — CO 


SP16 


-226 


3 -7 


G-C— AT 


SP19 


231 


3 


CO ^ G-C 


SP36 


242 


3 


A T - CO 


SP12 


364 


4 - 


CO— TA 


SP18 


470 : 


6 


T*A - C G ■ 


SP8 


471 


6 


G-C - AT 


SP11 


471 


6 


GO-TA 


SP24 


473 


6 


T-A - CO 


. SP10 


494 . 


7 


T*A - GO 


SP33 * 


498 1 

499 ] tandem r - . 


— 7. 


AT -GO 
~ A-T-QC 


. SP5 


. 586 


8 


AT-; GO 


II. Deletions 






SP15 _ 


272 




G Deletion 


SP17 


438 
439 


6 
6 


| Deletion 


SP23 


564 


8 


T Deletion. 



-* Amino acid 
change 



III. Putative splice site mutations 
Mutant Missing exon 



SP3 
SP28 
SP31 
SP2 



2 
4 

4: 
4" 



Mutant 

S^-32 
SP-34- 
SP-37 



Mission exon 

• 5 
5 



GTGTTTATT: 

gaacgtctt 
gGcCatcac : 

OGC^ATCAC 
• CACATTOTA 
GCC CTCTGI 
GCCCTCTGT 
GCC^fCTGT" 
-CTCTGTGTG 
CTC TGTGTG 
GTG CfTC AAG 

aaaTtcttt 
aaattcttt 

TTT GCt G AC 
GCT"5ACCTG 
GATTAC ATC 

_ GAT CTC TCA- 
AAGATGGTC" 
AaGATGGTC 
AAGATGGTC 
ATGGTCAAG 

„ CTG GTG AAA 

! " aaaa"5<3 acc 

r " AAA AGG ACC 
, TATAATGAA, 

GAT AG A TCC 
TTGCTTTCC 
./ TTTGTTGTA 

Mutant 

f SP-13 
SP-14 
SP-25 



Phe — Leu 

Arg — Ser 

His — Tyr 

His -Tyr 

lie — Met- 

Leu — Phe 
"Leu-* Phe 

Leu — Phe 

Cys — Ser 

Cys — Ser 

Leu — Phe 

Phe — Leu 

Phe -» Ser 

Ala — Thr 

Asp — GIu 

Tyr — Ser 
Leu — Phe 
Met"-* Thr 
Met — He 
Met — lie 
Val-Ala 
Val - Gly 
>fo Change ' 

'- Arg -!■* Gly 
Asn — Asp 

Frameshift 
Frameshift 
Frameshift 

Missing exon 

8 
8 
8 



had two base substitutions in -tandem, re- 
sulted in an alteration in the predicted amino 
acid sequence of the protein. As listed in 
Table 2 ail types of substitutions except 
A * T — > T * A transversions were observed, 
but transitions predominated, accounting 
for 68% of the substitutions. Transitions 
were also the most abundant type of sponta- 
neous mutation in the rodent cell aprt 
gene, accounting for 61% (19) to~79% (8)-of 
the total number of substitutions. Among 
transitions and transversions observed in the 



present study, the mutations were more 
likely to involve G • C than A • T base pairs- 
(ratio 56:44). In the apn locus of rodent cell , 
lines, bias toward spontaneous mutations 
involving G - C base -pairs was even greater, 
i.e., 75% (10) to 93% (8) of the total number 
oE base substitutions:- ~"- V 

Several mechanisms have been sug- 
gested to account -for : the observed base 
substitutions, including-. deamination of 5'- 
methylcytosineor cytosine, oxidative dam- 
age, depurination and depyrimidination, and 
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. Tabic 2. Types of Base Substitutions" Apsmg 
Spontaneously m Coding Region of WRT.qene^t, 
-~ Diploid Human Fibroblasts ;~" T : 



Type of base 
substitution 



Number of base 
substitutions' 



Transitions 
GC-AT 
A T - CrC 

Transversioos 
G-C-T-A 
G C C O 
AT — CG 
AT-*TA 
Total 



9(36) 
8(32) 

2(8) 
3(12) 
3(12) 
0(0) 
25(100) 



•Numbers in parentheses represent the percentage of 
the total number of base substitutions in each class of 
mutations. 

'includes one tandem mutation. 



errors introduced by , DNA polymerases 
during DNA replication; It is unlikely that 
deamination of 5'-methylcytosine is involved 
in spontaneous mutagenesis pi the human 
HPRT locus, since the mutations we ob- 
served did not occur at GpG .methylation 
sites, and furthermore the active HPRT gene 
is only slightly methylated (23). Deamination 
of cytosine to yield uracil would result in G • 
C r+ A • T transitions if subsequent rounds of 
DNA replication occurred before the uracil 
was removed by mismatch repair processes 
or uracil glycosylase. de Jong et al. (8) 
suggested that the relatively low level of the 
latter enzyme in . the CHO cell , line thej. 
studied accounts -for the high proportion 
(22/28, 79%) of G • C - A • T transitioris 
found in the spontaneous base substitutions 
they analyzed. However, Phear et al. (10), 
using the same CHO cell line, found a much 
lower percentage of such transitions (22/55, 
40%) among base substitutions in the sponta- 
neous mutants in their study. Therefore, 
factors other than _ a low , level of uracil 
glycosylase must beTnvokeci to explain the 
high proportion of Cj • C A • T transitions 
. found by de Jong et. aL (8). Injhe present 
study of human cells, which presumably have 
normal levels of uracil glycosylase, we also 



found 36% of the^base substitutions to-be G * 

'43x&a tive: damage^; tp DNA is another 
possiblejroechanism of spontaneous mutagen- 
esis. Substances that produce superoxide- 
free radicals have been shown to be muta- 
genic (24,. 25), and such free radicals are 
produced by a variety 1 of cellular metabolic 
processes. One of the primary products of 
oxygen-free radical reaction with. DNA is 
8-oxoguanine (26), knd in vitro studies 
showed that .mammalian DNA polymerases 
selectively .insert adenine^ across from such 
lesions (27), resulting in a G • A mispair. 
Targeted G ; C -OT • A transversions, which 
would result from such mispairing, have been 
found to be the predominant base substitu- 
tion in 8-oxoguanine-substituted plasmids 
that replicated in £. cpli (28). In contrast, . 
when singlerstrarided M13 DNA was ex- " 
posed to an oxygen-free radical generating 
system and allowed to replicate in SOS- 
inducedE. colt, a variety of base substitutions 
were found (29); These primarily consisted 
of transversions involving guanine residues 
(56%, 50/87), but a significant number of G • 
C A ? T transitions were also found (23%, 
20/87). It is difficult to assess the degree to 
which oxidative damage contributed to the 
. kinds of mutations found in the present 
study, but the small number of transversions 
would suggest a limited role. 

Depurination has been estimated to 
occur frequently,, on the order of 2 x 10 4 
bases per ceil per day, and depyrimidination 
t approximately 10 times less frequently (30). 
Although highly efficient repair processes 
exist to recognize, incise, and repair apurinic- 
apyrimidinic sites (AP) sites, it is estimated 
that : approximately _one site per cell per day 
escapes repair and represents a potentially 
mutagenic lesion,(31):5tudies of the replica- 
. tion of plasmid DNA by £. coli suggest that 
preferential insertion of dAMP across from 
an AP site occurs (32, 33). This would result 
in . transversion mutations (G ■ C T • A 
and A * T -* T * A) in the case of depurina- 
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SUBSTITUTIONS . Ml - v " ^ ' ,i 

1 — i — urn in t Y r V A- rti Y , 

OTH&RS ■ _ ' 



FTg. U Location of 37 independent HPRT mutations, which arose spontaneously in populations of diotcid human 
fibroblasts, that had been subjected to a ^actuation test Symbols: missing exons; | P , base JLr s teStt 
tandem mutation; and Y, base pair deletions. ._. . . • * 



tion, and a transition mutation (G ■ C -* 
A*T) in the case of depyrroidigation. . 
Transversions contributed to a minority of 
the mutations; in the present study, suggest- 
ing a minor role for depurination. G • C A 
* T transitions were the most common type of 
base substitution found, raising the possibil- 
ity that depyrimidination played a role. 

The fidelity of DNA polymerases may 
also contribute to the process of spontaneous 
mutagenesis. Although the error rates mea- 
sured in vitro are far greater than those in 
vivo,- results from a number! oHaboratories 
• (summarized in 34)jshqw that the moit. 
frequent errors are single base substitutions 
and that, transitions are more common than 
transversions. This suggests that the muta- 
tions found in our present -study primarily 
reflect errors introduced by the DNA poly- 
merases during replication of, the HPRT 
gene. 

Several groups have studied spontane- 
. ous mutations arising in exogenous DNA: 
integrated into the chromosomes of mamma? 
lian cells. In each case the predominant 
mutations were deletions of varying sizes 
(5-7). Since the exogenous sequences were 
intact when stably integrated, the predomi- 
nance of deletion mutations, including elimi- 
nation of the entire exogenous DNA se- 
quence, indicates that - cells handle such 
sequences differently ffbrri endogenous genes. 
. ,, Although we found base pair alterations 
to be distributed throughout-exbns 2^ of the 
HPRT gene, they- were especially likely- to 
occur in a 64-bp region located in the 5' 



portion of exbn 3 (Figure 1). This region, 
from position 178 to 242, contained 50% 
(14/28) of -the - mutations- detected in the ; 
coding region; but comprised only 10% of the 
coding sequence. It is* possible that alter- 
ations in this region of the human HPRT 
gene are particularly likely to affect protein 
function and, therefore, would be overrepre- 
sented among cells selected for resistance to - 
TG. However, f a r highly "conserved sequence 
in exons 4-^5, composed of 60 bp, which 
contains a putative catalytic domain (35), 
had only^one mutation in the present study. 
Furthermore, mutations induced by OY light - 
give an entirely different spectrum (16), i.e., 
are not concentrated in the 5' half of exon 3. 

In surnmary, we have presented data on 
the kinds* and locations of mutations that S 
arose spontaneously in the coding region of 
the human HPRT gene. Although no single 
mechanism emerges to explain the data, the- 
analysis of the spectrum of spontaneous 
- mutations will be useful for comparison with 
mutational spectra induced by chemical and 
physical agents/ 
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even on termini capped by a stretch of non-telomeric DNA 
involves recombination, especially if the last few bases of the 
substrate are able to .pair with C,. 3 A sequence. Alternatively if 
telomerase ; easts in Saccharomyees and if it can use a sub- 
strate in which the telomeric sequences are subtermihal, it could 
mediate those telomere formation events that do not involve 
recombination. " = .=■ r - 

i. ^W 1 ? , in i ica 'e thattdomere formation m yeast is accom-^ 
pan»ed by xelpmete^clpmere rewmbina^otu^ recbmbina-" 
tipn : requtre| su^nsjngly Hale homology, perhaps because it is 
* Slte -spe«fic event promote*! by the ability -of telomere DNA 
to assume non-B form, structures involving triplex orquadruplex 

beSM ? rG f * ^''orC-GbasepairLg^-Thejunaion 
between telomenc and unique sequence DNA, an apparent hot 
spotorrecombmation in jwo^also acts as a boundary for Klenow 
UNA polymerase and SI nuclease in vitro* 1 -". Although the 
data here and elsewhere 4 dp not rale out alternative pathways 
--for-telomere-formation in y e ^U telomere-telomere recombina- 
tion provides an efficient mech anism fofcinfmM ia^ ^„ »f 

1 iNA termini uiltk . -.1 . _^ . . - . _ ■■ 



SiW? - PrOCCSS ^ at r ^ ui ^ "combination. As th* rec ! 
orobinauon is non-reciprocal and can rr^.it °" 

- ^ ^^ere^telomereTecomo^onisimpomnt -for telomere 
< '"Pt'cation or maintenance, we also expect aiSric t^ " 
to recombije. However. We did „ ot 25 SsSo cTTr 
C«A. 2 DNA to yeast chromosomes. Thes^results «,T £ 
explained if yeast telomeres are more likelv^o rSmwf • ! 
«ch other than with P ,asmid termlniSsU SEVffi 
chromosomal telomeres and internal stretchy nf r a U ' 

SSa ^ v Cf ^ 0 "°frgy ™rh ot her than to C4A, orS- 
SKC- ^ ^ ^ to dete « b * southern 

- - • , ' □ 
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DNA termini mth very short stretches ©^telomere DNA. In 
contra^ ojher events that alter telomere length in yeast do so 
gradually such that many generations are needed to see a change 
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Ra 3 Model for telomere formation by recombination. Different telomeric 
repeat sequences (thin-line hatched botf can promote telomere formation 
m yeast by serving as substrates for the addition of ^east C, jA repeats 
(^nehatctedbox). In both cases, the f^rich strand is rented witt. 5' 
and.the GV>ch strand is markerfwith 3'. Only oneiermious of either a linear 
piasm,d 6r *:chr 0 mosome is _showrt-. a. Aftet replication of the plasmid in 
yeast and removal of the RNA primer, a singfe-strand taa is left at the 3* 
h«,h T£ ??l' e ^ taU: ' S strantl J re P«»entedby'-the unpaired thin-line 
hatched box), b. The 3' OH end of the single-strand G-rich tail invades'a'nother 
telomere (donor, represented by thick-line.hatthed box). At the donor end 
most (or all ^combination events ate initiated (or resolved) at the junction 
between telomeric DNA (thi*-lined-.hatched box) and unique DNA (filled-in 
tar), c The invading G-rich strand is extended by. replication using the donor 
.elomere as a template: A After dissociation, the terminus carries an -300 
r^cleot.de long G ; . J single-strand tail and serves as a template for primase 
'0) and conventional DNA polymerase mediated replication of the com- 
plememary strand (e). f. Subsequent removal of the RNA primer would still 

SJHUS? 31 Th k' T 1 * e new ' y ^Pll^ted strand, but no sequence 
formation would be lost. (Alternatively, the extended G-rich strand could 
.old bat* on itself lo form a terminal hairpin and provide the primer for 
replication of the C-rich strand 15 .) 
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THE terminus of a DNA helix has be*,, called its Achilles' heel'. 
Thus to prevent poss.ble .ncomplete replication 1 and Instability" 
cllV T' '. ,n . ear ° NA ' euka O<>tic chromosomes end in 
tcs cZd r , reP£,,,,V * e , D ^ A SeqUenCeS Wi,fiin S *« M ™< «'«- 
Z , ?k I T"" imm0rt;,, Cel,S ' ,oss of lelo«.rSc DNA 
L k^V ' °I inCOm P'" c replication i s apparently bal- 

Hel.a cells . It has been proposed that the finite doubling capacity 
NATURE - VOL 3*5 • 31 m.av 1990 



^LETTERS TO NATURE 



TABl£l Effect of donor age on telomere length in human fibroblasts 



Age 



^^Cell 



II strain 

A30SL 
A38/- 
A35 ^ - - 

root: 



In vivo 
years 

Fetal 

'24 
70 
'71 

'91 ■ 



in. vitro 
MPO (MPO max)"; 

,18^28; (881 : 
33 " (58) 
31 r 33 (68) , 

:i9" ■ • (4ij 

21-29 (40) . 
i : 18-20 (45)^. 



■ Mea^tefornere length (the length of the terminal restriction fragment? 
^« 35 * Fig. 2a for M SSfiJ 

earliest available mean population doubling (MPO) in separate ex^mentl 
Strains were derived from female fetal lur£ (r^aHS 

MPft at .tin* of assay and senescence (MPO maxkare indicated. The 
correlation between increasing donor age and t^o ^ ^^ ^T.- 1 ^ 
-,|s statistically significant : £<o.05) ' ^™ ^W°f*&<^ 



(F.&. 2a). Moreover, the total amount ft f t^u™ • ^ 
- greased (Fig. 26) .' which tatto^S^*™*' 
«mply rearrangement of telomeres with lesoaL t«V " ' 
5 enzyme cleavage sites. Lass or xZ^o D^aZ ^ 0 ? 
■ ; from general degradation or loss of kSdna - ^ u,t 
ationsof DNAfromoldceltf^asSclreSve ^ 
sequence elements analysed in S «^ ' ° U " tel ^ neric 
altered in size or am" 16 ^ Tt?,? ment ? ?«* not 

. , during exponential growth or during Scenee SS** 
i ^cahCd^ no 
' ■ ^ •<>« of telomeric DNA observed witl aerin. ; Jv^-l 
occur generally somatic cells dS 



Mean telomere 
.length. 

B.6±0.5 (3) 

73 a) = 
6.9±oj m 
6.7. .&> 

65±1(X4(5) 
'- 6,2*01 (3) ? 



sequence telomere probes to confirm tW £ Md ,. uw< l u * 

addition, comparauv e , s tudie S S & 

telomere loss with cellular life span in difeeTspedeT 

cultured human fibroblasts couldbe biologically signHicSne 

ends of human telomeres consist of reoeats of 

TTAGGG which are probably t,m£^S£S^SSZ 

sperm telomeres have about 9 kb of TTAgS? «.~^f ' 

somatic cell telomeres may have^nfc 4^ n in^f- 

seem to be variant forms 'of TTA^? SU £ trrGCG^ 

present sub.terainally^.The rates of loss of l« JS Jv^ 0 ' 

of telomeric DNA we ha've tt^A^JS^S 

agreement with the estimate of 4 kb of TTAcSo Li £ * 

could represent lossof^most of th<Hunctional tdJZEZeE? 
quences. pven if there is substaptialf^oS t£t SSSS- 
uoual sequence at telomeres: froTm young celU. thfs shortSn^ 



of normal mammalian *ells Is due to a loss of telomere $NA and 
ereotual deletion of essential sequences , • , «• ,7 . In yeasC the ^sxl 
mutation causes gradual loss of telomeric t>NA and eventual cell 
doth mimicking senescence In higher eukaryotic cells". Here, we 
^? , l!L < ? e "*" ta ** «f telomeric DNA la human 

fibroblasts does to fact decree « a function of serial passage 
during ageing « ««« ,nd possibly in vivo. It is not known K*r 
this loss of DNA has a causal role in senescence. 

The fiiutereplicative capacity ofhumad fibroblasts in culture" 
is well established and has been extensively used as a model of 
cellular senescence". To investigate the effect if cell division 
and age on telomeric DNA, we grew nontransformed human 
fibroblasts m vitro unul terminal passage and regularly deter- 

• mined the size distribution of terminal restriction fragments 
t is. telomeres) by Southern bloranalysis (Fig. 1). Mean 
mere length decreased about 2 kilobases (kb) with cumula- 
tive population doublings in five strains of fibroblasts studied 



an . 

Ill* 

upo : 



HSC 172 



(TTAGGG^ 
B 28 38 S3 63 717480 88 



(TTOGGG^ 
18 28 38 S3 6fr 71 74 80 88 



FOOl 



(TTAGGG^ 
27 32 37 40 



(TOGGG\j 
27 323740 



_A30S^ A38 
334657 3(4456 



FQ02 



CTTAGGQ 3 
202936 4343 




^ V m n r€Striction fr ^ent (telomere) length in cultured human ; 

? T Tl™ ^ C ° m U ° m fetaI Ce " sUain <* o). old 3u5 : 

(C rt. F002 Jrt. newborn A3Q5 (e) and young aduit A38 if) ce« s«^™l 

S i ! - a ^ Sed 31 ipdi °- at ^ ^ ean P°P u| atioh doublings (MPO) on 
Southern btots. Ol.gonucieotide^probe (TTAGGG) 3 was : used with h^s rin" 
gency washes, to specifically detect telomeric sequences Uce f e) and 
^nucleotide (TTGGGG). with low stringency washes to deiecf b^)th 
^fhenc sequences and internal repetitive sequences (I) (6 d) The ei7P 
(kb) arid position of markers are indicated. 

METHODS Cells were grown , ano population doublings counted as 
desenbed" and DNA isolated when cells reached conftuence. DNA was 
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IscnieKher and Schuel) and hybridized in 6x SSC at 37^ or «mVwinl 
end- abe ed fTTAfavsr r» irrmvi • or 50. C wuh- 

3x SSC nn^S'Z S respect^. FiUers were washed in 
(nGGGG). probe ' ^ >J Pf0be °' " X SSC at 50 °C lor the 



4S9 



Lhl ItKb IU NAIUKt 



could still be significant As each ceil contains 92 telomeres and 
the distribution of telomere lengths is wide, a loss of 2 kb from 
the mean length, may imply a larfee increase in the proportion 
of cells missing TTAGGG from at least one telomere. The loss 
of even one telomere could cause the permanent ccU-cycWarrest 
and:cfeomosomal:instability: characteristic: of senescent fibro- 
blasts , ; Most significantly, chromosomal abnormalities increase 
dramatically in the terminal- phase of fibroblast cultures 23 and 
about 90% of these are dicentrics attached at their telomeres 24 
, Loss of ; critical telomere sequences in late-passage fibroblasts - 
: could explain these data. Wfiether Joss <>r telomeric DNA in 
vivo might contribute to the elevated (but still relatively^ low) 




20 40 ~6Q . 80 
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FKi 2 Decrease In amount of telomeric DNA during replicatlve ageing of 

^ fibr0b,as ^ telomere-jength (a) and total tetartlc 

SffifcSS? ^ * * ■*■*"*■•■ fepresem.fetal. 
cell strart HSC172 (□). newborn strain A30S UX young adult strain A38 

■ °' d •** (■) and F002 (tt-^ShtaS ^Sopel 

St"?* fe"**!?" Toes are?-31bp MPP^.rCS* MPD'*(HSC172> 

^OOa Analysis of HSC172 cells/include data collected from two separate 
ampules of cellsgrown atdiffereht times.* -n. . _ ■ 
METHODS. DNA digested with A6pl and flsal was o^jantifWand a ua run 
hi each lane of various 0.7% agarose gels for transfer to tytran filters and 
hybrKfiratran with (TTAGGG) 3 .as described4n,Fg. l.;Autoradiographs were 
generated without an intensifying screen Osing the linear response range 
of the fam and scanned with a oehsitometer. The signals, probably include 
rotation to variant forms "of TTAGGG. Output was digitized. Mean 
telomeft length was defined as SODj^Olyia. wtere 0b| is the 
densitometer output (arbitrary unitsj arid t,' is" the ignph "of the ONA at 
posiuon I. Sums were calculated over the range 3-17 kb. This calcination 
assumes that ONA transfers at equal efficiency from all points in the gel 
and that the numbers target sequences (telomere repeats) per ONA 
fragment is proportional to DNA length. Although neither of these -assumO- 
lions is strictly true, the data did not warrant a more complicated model 
.Qualitatively Similar results were obtained with- other assumptions and 

(-00. from 3-17 kb) was determined for each lane and. where possible 
normalized to the signal from other Southern blots using a control probe' 
Lanes in which amounts other than 2 K g of DNA had been loaded were 
omitted from me analysis. Integrated signals for each auloradiograph were 
then expressed as a percentage of the signal from early passag» HSC172 
DNA on each auloradiograph as a standard. 

460 



frequency of chromosomal rearrangements uameulariv a- 
tries, observed in older hunW«« F i S un«rt a in Y 

Tumour cells are also characterized "by shortened 
e omeres"-" and increased frequency of aneuploidyS d ;„t 
tclomencjuspciauons*'.. 1/ loss of telomeric DNA u°timatelv 
causes cell-cjcle arrest in normal cells, the findito«l^v 

cells wuh relatively long telomeres and a senescent phenS 
may confcyn little or no lelomerase activity, tumour -celfc 
- ^horr. telomeres, may hast signific^t^omer^e aaiv?J 

In^ S ani«llular eukaryotes/telomere lengthis a dynamic 
a l-T h ^^P***™ and contraction events occurring 
under different culture conditions 1 .'-'. Complex regulation* 
telomere length is not unexpected in immortal, single-cell organ- 
urns which experience dramatic changes in their environment 
Ho^cri .it is possible that: mortal, somatic cells of higher 
-eukaryotes4ack DKchduhuus for telomere elongation. T elomeric 
^q U ences,rnaY be added escly,i Vf l y in thp C Prrn ^ ^ 
e| P l ai n 1 ng.the,observatton.that sperm telomeres are ifong^than 
tdomer«ponx«orma! somatic cells 17 - 2 '- 29 , and these telomeres 
may simply be lost during.thg .life span of an individual 

There are ,a- number of possible mechanisms for loss of 
telomen? DNA during ageing, including incomplete replication 
degradation of termini (specific or nonspecific), and unequal 
recombination coupled to selection of cells with shorter 
telomeres*. Two features of our data are relevant to this ques- 
tion. First, the-decrease in mean telomere length is about 50 bt> 
per mean population doubling (Fig. 2a) and, second, the distri- 
bution does not change substantially with growth state or till 
arrest These^data aire most easily explained by incomplete 
copying of the- template strands at their 3' termini. But the 
absence of detailed information about the mode of replication 
or degree of recombination at telomeres means- that none of 
thpse mechanisms can be ruled out Further research is required 
/U I detennirte the mechanism, of-telomere shortening in human 
fibroblasts and tts4iign|ficance to cellular- senescence" □ 
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EXHIBIT 4 



COPY AS FILED 
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the partitioning of Che genetic material dunng the div- 
ision of normal celbdepends* on accuracy atscveral 
levels. The accuracy of DNA synthesis .itself 'is well 
known, pnmariiy from many measurements of the rule 
of gene mutation 1 , but the distribution of DNA equally 
to daughter celMepends in eukao'ocic organisms on 
many coorduiSted events, *hich Involve the: splitting 
of<chfomosome5" T to form chromatids and the separ- 
ation of 'Aese^«nM»-3« form two cells, <jach with 
the exact compTementaf chromosomes and DNA. The 
accuracy of disjunction of chromosomes at mitosis can 
be measured by genetic methods and is generally very 
high, approximately 1 error in 10* mitotic divisions for 
a given genetically marked chromosome (see below). 
A g e neraU e auu e of tumour c e lls is the l oss of the 



Chromosome error . 

PROPAGATION and CANCER 



.RQBKHOlilDAY. . 

^ characteristic of tumour «Z& is their unstable 

Itaryotype.lt is suggested here that htaiatcnance oftbe 
normal diploid ceU depends on the presence of two copies 
of specific genes: a change in gene dosage of one or more 
oftbtsegeneSt by chromosome nondisjunction or 
rearrangement may trigger a generaljoss of accuracy in 
chromosome segregation at mitosis. 



accuracy of chromosomeidisjunaion, leading to aneu- rnosomes. which 'f prob^Ty a very .unieUable method. 



ploidy and heteroploidy. Tfius. a -tumour cell popu 
lation characteristically ha* a modal number of chro- 
mosomes, with considerable variation about this 
mode. When tumour cells>re cloned, they soon gen- 
erate a population of cells with a variable karyotype, . 
Hence, in these cells nondisjunction is a common 
event, perhaps two or three orders of magnitude more 
frequent than in normal diploid cells. 

In the genesis of hetetoploid Tumour cells, the fol- 
lowing crucial question can therefore be asked: what 
event is most likely to convert a ceil with a stable 
karyotype to a cell with an unstable one? In the ensu- 
ing' discussion, I suggest that rare nondisjunction or 
rearrangement of at least one specific chromosome 
may Itself be the initial destabilizing event. The argu-. 
mem is based on the proposal of MeeksAvagner and 
Harcwell 2 that gene dosage and "the concentration of 
one.or,more gene products is a very important compo- 
nent in the accurate control of normal chromosome 
disjunction. 

. Accuracy or chromosome disjunction 

The most reliable method for measuring the .fre- 
quency of mitotic chromosome nondisjunction 



T of ex al u u k .'Ui iri an y ' studi e s of the chro a^G6o^s-of- - 
human- phytohaeiTaj^uunin-stimulated . lymphocytes 
(reviewed' in Ref. 6). hyperdiploid frequencies varied 
from 0.1 - 4.2% with a mode of 0,4%. The range /or 
rodent lymphocytes was similar, with a mode of 0.5%. 
If the modes are taken as the best measurement, this 
indicates that errors in disjunction per individual chro- 
mosome are about 0,01% ot lf>\ The variability of 
published results may be due to the loss or gain of 
chromosomes . in the spreading technique. Another 
cytological rheihod depends on the detection of 
micronuclei containing whole chromosomes which 
have become detached from the metaphase plate and 
are not included in daughter nuclei 7 . These occur in 
normal human T lymphocytes ava frequency of about 
1Q: 3 - 10-3 (Ref. 8 and AjV Morley, pers. commun.), 
corresponding to about 10"* - icKper chromosome. 

Many tumour cell lines are heteroploid with a con- 
tinually varying chromosome number. In such cells, 
there is probably at least one abnormal chromosome 
' segregation per division, and there may be several. 
The overall frequency* of nondisjunction is likely to be 
at least 100-fold higher than that of normal diploid 
celts. Some transformed or tumour cells have been 



depends on the use ofJa diploid strain wjtb hetero-: reported to have diploid or quasl-diploid karyotypes, 



zygous markers on^eacb-side of a single cenUornere, 
^"hh a selective system, homoiygosity or hernizygosity- 
for all markcrsxan be readily delected, following chro- 
mosome loss with or without reduplication of the 
monosomic chromosome. Several such systems have 
been, developed, in yeast and these show that the fre* 
quency oT spontaneous nondisjunction for a single- 
chromosome is about 10-* per cell-division*-^ 

Unfortunately, similar genetic markers are not avail- 
able in diploid mammalian cells, bur naturally occur- 
ring heterqzygotcs have" been used to measure the 
change or loks of one allele, for example, by selection 
against one of two^HLA-A haptotypes on chron\osomc 
6 in T lymphocytes. The clones that are selected may 
have an altered mutant allele, of may have lost the 
ajlele. Loss can occur by deletion, mitotic recom- 
bination or nondisjunction. In such .experiment.* the 
frequency of gene loss is about 3 x (Ref. S and 
A.A. Morley, pers.commun.), which means that chro- 
mosome k>ss cannot occur at a higher frequency than 
this, unless monosomic Cells are nonviable. 

Most studies of nondisjunction in diploid mam- 
malian cells have relied on counting mecaphase chro- 



but such populations tend to~ give rise to hypo- or 
hyper-diploid cells*."The pseudo-diploid Chinese ham- 
ster ovary. (CHO) cell line has. been used e:ctensive!y 
in somatic cell genetics, and appropriate markers 
make it possible to measure chromosome nondisjunc* 
tion. In hybrids heterozygous for two X chromosome- 
-iinked markers, abnormal segregation occurred at rates 
of 1.4 - 3.0 x 10-* per cell division in different experi- 
ments^, which is almost certainly considerably higher 
than the rate in diploid ceiK_ 

ft.VE DOSAGE IN THE ptOKiUvL ail CYCLE 

The cell cycle includes both continuous and dis- 
continuous events. Total protein synthesis of the cell is _ 
a continuous process, so ihe.proteimcell volume ratio 
stays roughly constant.. The duplication of a g'.me ul ;» 
particular lime in the Si pha.se Is a discontinuous event. 
Jt is well established from many studies with eukary- 
otes that the concentration of a given protein Is pro- 
portional to the numlxrr of genes coding fur that pro- 
tein. Thus, when a gene is replicated the amuuni t'l 
transcription is doubled and with a cunsuini nite »f 
mKNA translation, the amount of j»enc product is ;ilso 
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a change in expression of other genus that are nomwllv 
tightly regulated. 

Jtaad.om nqradc<junaiua.or individual .diromosoincs 
can lead to \wrj| possible consequences CFig. 1). 
The initial unbalanced karyotype may be nonviable, or 
rvsuh : in slow "growth, followed by selection for cells 
" that regain ^diploid karyotype by endoreduplication 
i ur :l > s y° nd .qon disjunaion event. Monosomy* orari- 
' softly" -f^gnult^5ro"masbmes--niaV he stable, file pur- 
tieuiar consequence proposed-- here 'is that "de^ahTliz- 
ulion.ofthe genome.will Ik* triggered by nondisjunction 
of a chromosome earning a gene that must be opti- 
mally expressed 10 ensure the accuracy of subsequent 
mitoses. This event is therefore likely to increase the 
frequency of nondisjunction, which may affect :t **e- 



WGtl 



a\ftowOM\MK ciuncis in BiHoir* somatic cat*. .YbNni5ji3CcnoN at - 

MITOSIS CUV-fN MO>0*ON(IC5 {LOSS} OX TW0M1O tCAIN), WiCH MAY UE . .- 

NosNvtAint. overt to. Dii*y3ii>v bv SECOsnAHY Noxftbgiwcnos top 
xsi5orottuc\tioinj of tkz AFrscrm awowosoMt eit ?xeqpttate 

SONTO^KIION OF OTHER CHXOSJOSOMES. IN PACTIOJU*, tT W TOO . 
KttETJ THAT CENS5 CONTfOLUNO THE ACCUXACY OF lirrOTlC SEWJUTtON 

of au chromosomes \nu hai iess accurate co.vntot if present in 
one ok thmi copies; thcs, \oNor^|i>cnpN or a chromosoms *tth 

SCCH A~GESt VC1 HAD TO FUKTHCX a IROMO&M£. CHAXqiS AND.A OEN- 

mt ne<rABi- r z.vna\ ;: oF the KAjcvarvPE. 

doubled. Therefore the ratio of this protein to cell vol- 
urne •Kill 'change through the cell 'cycle over roughly a 
twofold range, although other cell cycle controls may 
well be superimposed on rates of transcription and 
translation^ ^ " : ~< ' 7 

The moist detailed experimental studies of the cell 
cycle have beelri carried out in Wcicrii : and yeasts. A 
general conclusion is that a doubling of.the concentra- 
tion of one or more specific proteins in the cell is likely 
to be an important component in controlling the 
progress of any cell through the cycle. Evidence for 
this comes from the study of mutations that change 
cell volume arid-from the experimental manipulation 
of gnwh conditions thac qhange the initiation and/or 
the rate of DNA synthesis*- as well as cell volume 1 M *. 

One of the events, of £ie cell cycle that-could he 
critically dependent on gene :dosage is the accurate 
disjunction of chromosomes 2 , The replication of one 
or more critical genes would raise the level of gene- 
product to that which is optimal for accurate centro- 
mere separation and the" normal function of the mitotic 
spindle Gbre^ppuratus. Hut suppose that the chromo- 
some containing one of these critical genes undergoes 
spontaneous, nondisjunction. The daughter cells Tol= 
lowing mitosis will now have one or three copies of 
the gene in question. Thus, in the next cell cycle there 
will be over- or un derepression of the important 
gene product, and this -'wiirincrcuA' the probability of 
errors in chromosome disjunction at the next and 
sultecqucni mit<).ses, -This Ms an example (if crrcrf 
propagation, in which <me or more initial errors feed 
buck to make later evvni.% even less accurate. 

Although liiMcjnes are unlikely to have :i direct reg- 
uhitory role in the cuntnil of mitosis itself, it is .-.i^nifi- 
m cunt that ovcre* predion of liisume genes leads to -j 
.significant increase in mitotic nondisjunction in yea.st* 
Overexpression of tine ,sel of genes near liie Cj 1— s 
iwuimlary in the ceil ryele m;iy well lie cunvfciied v.-ith 



ond chromosome carrying-a gene wferra similar regu- 
latory role. Re t urn to tlyg diploid karyo t ype the n — 
becomes extremely unlikely-and the cell either die* or 
becomes irreversibly cdmmixt'ed to further aneuploidy. 
-Ah unbalanced genome produced by ah initial chro- 
mosome rearrangement could produce the same end 
effect. The basic principle is that initial abnormalities 
in chromosomes containing genes that are essential for 
the control of disjunction will destabilize the karyo- 
type. The upshot would be the situation that is usual 
in tumour cells - namely, continuous variation inchro- 
mosdme number about a modal number. 

Previous discussions of error propagation have 
dealt mainly with the possibility that errors in, proteins 
required for/information transfer may destabilize the 
r: accuracy of protein synthesis itself v leadirig to an ever- 
^ increasing ; jiumbcr df errors 1 *-**. The, same principle 
r can "be appbed to chromosome segregation. Initial 
errors ultimately lead to a 'chromosome catastrophe', 
in which there is uncontrolled karyotypic variability, 

§ESl DOSAGI A.KD CHROMOSOME CBAKCES K 
CARCIN0GEXES1S 

The Imponancc ^of chromosome changes in car- 
cinogenesis^has been widely recognized (reviewed in 
Refs % 16-19;. More. specifically, the -'significance of 
changes in. gene dosage has been emphasized by 
* Klein 20 . In many instances,- cellular proto-oncogenes 
arc. activate?! to oncogenes by b«ing insencd into nev 
genetic locations where transcription is increased. 
Although some oncogenes arise by mutation to an 
activated form, in many cases k seems likely, that mere 
overexpres.sion of the normal gene product is a critical 
step in circirKjgcnesLs^ 1 . 

Innumerable studies of karyotypic changes in 
human cajicer cells have been published and the. 
results catalogued .in comprehensive surveys 2 "*. A 
"major problem Jn this area of investigation is todlstin- 
: guish .primary from secondary events: although a pro- 
. gression <jf diromosome changes can sometimes be 
discerned in the grwth of tumour clones 17 , the signifi- 
cance of the earliest detectable chromfj-sorne changes 
. is h;irt! to evaluate. IJeim ;ind Miielmun 1 '' suggest that 
chromosome a!x;rration.s in neoplastic tli>nnlt:rs are of 
three kinds: (]) primary ahnonnalities, which are 
essential step.s in estjbli.shinpi the tuixviur. <l) sec- 
ondary abnorma lilies, which may be important in 
tumour prtjgrexsir;n. and (3) 'cytogenetic noise 1 , whidi Is 
the buckgnjurid level rjf nt>nconNcquential al-jernitbns. 



Whatever the primary aux, it is nevertheless 
probable that destabilizadon of the genome is a very 
important early event in tumour progression. 
Following that destabiiization. a tyide^yariety $f abnor- , 
rnal genotypes and phenoTypeS;-tvill : j*pidly be prpr 
duced and^successive clonal selection; ;for rapid 
growth, tumoxiacnicity and metastasis will, mere/ore 
.follow. Asrab"r?sult of karyotype "insubiHty, tumour . 
oppressor jgnes ^(reviewed iri . ReEs 24,.- ~25) . may ... 
become ftertgzj'goiis; this Will make t&em. ; taj£ets far a 
single reeesstyt mutation, wherca* in dirScjid cells at 
least two rate events are required to eliminate sup- 
pressor gene activity. During clonal selection for can- 
cer cells it Is possible that a partial reversal instab- 
iliry may be favoured, if : a . ceil with a .-particular 
karyotype is the most invasive. It should benoted that- 
although the- rnariy karyorypic. studies .o£ : neoplastic 
human i rils. s hu ' w that efoom o ^ orne-clrang cs ar e no vr 



tabu .1. majox dutferekces bet/teen the gexexic 

CHAXAdEZSnCS OF NOJtMAl WPUXD KAMMAUAN SOMATIC 
CaiS AM) TRANSFORMED CELLS (5H TEST FOR EEFEXENOS) 

■ • Normal cells*. Transformed c'clb b 



Karyotype 

-Nondisjunctiofi". 
of chrorncsora'es 
Chromosome 
rearrangements 
Gene amplification 

Integration of 
foreign DNA 

; - Onc o genes __■ 



Diploid* 

Low frequency 

Uncommon : 

Not reported 
Very rare** 



Ancypldid or 
bctcroploid: - • 

High frequency 

Common 

v&ell documented 
Readily detected 



No i mal p ru tc^ _. A c tivated o r o ver* 



oncogenes 



expressed onco- 



rindom^^ they arje-not Ukely^o reveal, those chro-^ 
mosomes that control the ^ accuracy of disjunction, 
since aneuploidy. forgone or more of these . chromo- 
somes may rapidly lead* to other chromosome changes 
that obscure the 1ni(ial c event. 

It is well known that agents that induce karyotypic 
changes can lead to transformation. For example, the 
oncogenic simian virus $Q (SV-iO) rapidly destabilizes 
the genome- 26 - 5 "". Colcemid and diethylstilbestrol pcor 
duce aneuplpidy.and.they can also induce neoplastic 
transformation in primary Syrian hamster cells 2 * 30 . 
Chemically , inert agents such as asbestos and glass 
fibres.can al^o induce, transformation and chromosome 
changes in^these cells?!.' the carcinogenic activity of 
asbestos is ; \striking T and it may be that xellular, inges- 
tion^ mechanically disrupts "normal spindle function, 
which leads to aneuploidy. Most carcinogens induce 
chromosome changes 3nd it can be -irgued thanhc 
correlation ibenv-een. these nvo effects is greater than 
that between mutagenicity and carcinogenicity 16 .- 18 , 



PNA'mehylation " 



Declines during 
subculture 



genes 

Constant with de 
novo methvlation 



Somatic diploid cells with finite division potential, 
fctndudes partially transformed permanent lines and fully 
transformed rumorigenic cells, 

^etnploid cells which occur in some tissues and primary 
cell cultures also have a balanced genome and appear to be 
stable. - *- 
°Shon term assays, using plasmi'ds with the chloramphenicol 
acetykransferase gene, show thai DN'A is taken up by 
somatic diploid cells, but several laboratories have failed to 
obtain stable transfectants with DNa integrated Into a chro j 
rnpsorne« (For^ obvious reasons,- these negative results 
[rerftain : unpub1ished.^n illustration cT-chls ebmes-from a 
comparison of human diploid fibroblasts, strain MRC-5, and 
its SV40^ttansforraed derivative. Both cells take up exogen- 
ous DNA, but stable transection is very rare in the diploid 
parent, whereas iUs frequent in the transformed derivative 
(LI. Huschtscha, pers. comrnun,). However, DNA can be 
integrated in the chromosomes of eggs or embryonic cells, 
and into somatic cells using retrovirus veaors, 



iNntCCSIC GINOXE KSTABIHTY OF TOlNSFORMH) CEUS . 
•Although the loss of accuracy of chromosome dis- 

iunaioo in cancer cells is a major component of karyo- ; T r ._. 

typic . instability.-; it is by no^means the : only .one. ] embryonic celb. Upuk"e \pT DNA can bc^ readily 



/ trie experiments in which DNA is integrated have been J 
\ carried put- with transformed. cells, permanent lines or I 



Chromosome, translocations and other rearrangements I demonstrated in norma) somatic diploid ceils, but inte- 



are clearly. .more common in cancer cells than in nor- 
mal cells. Several rearrangements are commonly, seen 
in the ka ryotype of a single cancer cell, whereas .even 
a singles-rearrangement Is uncommon in a normal 
diploid- population*, lrv. addition, cancer cells .often 



8 rat Ion into the chromosome is probably a rare event 
(see footnote d, Tabfe 1), unless, of course, it is "medi- 
ated by a retrovirus. Ajiain. these cells appear rigor- 
ously to. maintain the. stability of a normal genome. ^ 
"^..There-may . also he important differences in the 



amplify regions of DNA -to_ -produce drug-resistant : = postsynthetic mcxlificjtion. of ..DNA ■ in " normal and 



derivatives,-: or they may have ^amplified oncogenes 12 . 
Experimental studies on amplification have been car- 
ried out with iransfornied . or partially transformed 
mammalian cellsJ.Vv.hut there., are no ..-published 
■'reports of normal mam maiiafi diploid cells becoming 
resistant to toxic -drugs or metabolites by "amplifying 
specific penes. This suggests {havthe linear integrity . of 
ihc.DJs'A in chromosomes of diploid cells Ls much 
.more strictly _ controlled than it is in transformed culls. ^ 
In recent years, the transection of mammalian cells 
by DNA has became :t standard procedure; Methods 
for promoting the uptuke of DNA have been de- 
veloped, and this DNA often integrates at nonhomolo- 
gous regions of the chromosome. However, almost all 



transformed cells. Diploid cdLs juivc finite proliferative 
potential and during serial subculture the level of 
5-methylcytosine (m*C) in their DNA progressively 
"declines, whereas permanent lines and transformed 
cells maintain a constant level of mHZ (Refs 35, 36, F. 
Malik and R. Holliduy.' unpublished). Although this 
implies "ihat.DNA methyluljon is at a steady state in 
these cells, it is probable that the overall control of 
DNA nxuhylution is abnormal (set; Ref. 571. Permanent 
lines often have silent genes Out can be reactivated hy 
Vaxacytidine. strongly indicating thjt the lack of j»ene 
expression is due to DNA methylation. The published 
evidence suggests thai such fells frequently inaciivaie 
genes by tfc now meihykuinn. 



On tin.* other hand, the phenotypc of diploid eeHs 
Is strictly conserved, jiresuma!% hy the tight control of 
cxpressiotxof luxury 1 genes and the concomitant lack 
cif expansion tit' specialized^ gen y functions of other 
cell ivpek It L« ; therefore -.pcwsrWe that u general 
detfatiilfcattfcni of- the genome may also include a \a<t 
of the nornnl epigcnciic controls of £ene cxpiwioru 
which t&iy in tu|ri he important Fstcps in rumqurrpn.v 
grc^'iorfsff. Tlisi-- major -difTcrences in^hc getvt&r 
HUhiliiV: of noaniH and transformed cellsitrc listed in 
- Tahiti. ■ ; ~ f 5- 



CONCLUSION 

"The muhtetep nature of carcinogenesis Is jvcA 
established, but .the genetic change* associated *vith 
the various Mages of tumour progression are usually ill 



depend on an understanding of the mechanisms that 
accurately maintain the integrity of the genome of 
somatic cells' through successive cell divisions. 
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DNa } transposition -nor epigenetic changes ..in gene 
expression (reviewed- in' Ref, 39V A crucial step in 
•tumour-progression appears ttrbe^a destabilization-^of 
the 'genome: this leads to "the production pi aneuploid 
or hetcroploid cells and probably d\e loss of other 
control that are necessary* to present the Integrity of 
the genome. Mutation of ■herriiij'gous tumour suppres- 
sor genes may also be ah Important component of th£ 
overall - genetic diversity-: that ;alk>*v*s the sequential ; 
selection of clones of Sells \eith progressively more 
invasive and metastatic phenotypes. Several inherited 
conditions in man are. associated xvith increased chro- 
. mpsome abnormally and predisposition to^ancer 3 *. 
y^T-The fundamendrc^erenc^^ber^-een jfe-genefl3 
stability of normal cells- and the instability "of; tumour 
cells is very - striking, and suggests chat an ^mponam 
early event in carcinogenesis is the loss of accuracy ir 
chromosome segregation or disjunction at mitosis, f his\ 
accuracy may depend on diploid gene dosage, for ono* 
or a few critical genes, and thus an alteration in this 
.dosage may reduce the accuracy of disjunction. If this 
is correct, ^^nondisjunction .for a chromosome car- 
rying one of the critical genes will .increase or decrease 
(hisigerie dosage, Avhich ^'ill/then increase the likeli- 
hood of subsequent changes in chromosome number. 
This tvouIcI be an example, .of error propagation in 
which asin^ defect >*ill ultimately- by feed-back give 
rise to many funher errors. 

There are two reasons why changes in #cne 
dosage may be important in the regulation of- cell 
grovvih. First, the cellular concentrations of critical 
gene^prodifcts appear to he^erjumponant in the.con- 
-lnil £ of lhe:normaUycIc,tand \her accurate partitioning 
oP&cnelic mute rial in mhttsw isVone component r/ that 

nuiy be an important stop* in celJuIar.tr;taNt>rrnuL]on, 7~ $\ AA1-4 X )\ 
'u rid i his ma y a Iso I x* rcliit ed t o chan ;»c.s in k J ryr x ypc;" 

Loss of control i»r cliromosome^numher ivalso 
prohiihly ussf>ci:ued \vitlv ;m increase in other genetic 
:i Iterations, ^uci) a> I'liromosonn* rearrangement, yene 
^mplificaiion. inii'^nuion of fo^-i^n I)\*A : , and almor- 
nulitJcs in UNA mclliylaiinn. In this way the variability 
:md poiemL'il for evolution of fully tmnori^vnic cells is 
unfitly ihcTCuved. If this vkav is convu, ilien an 
undersUjndin^ <if pro* esses that hrinj» alxiui ihtr 
loss nf ^envtk* siahiiily and caa'ino^UK-sLs will ;ilvj 
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EXHIBIT 5 

Expression of oncomodulln does not lead to the transformation or 
nmortallzatlon of mammalian cells In vitro 
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Summary 

A recombinant plasmld (pMTONCO) containing 
the coding aequences f or rat oocotnodulln under the 
direction of the metaUod&ooeia p romo te r was coo* , 
structed. pMTONCO was co-tranafected with the 
pSV2-NEO plasmld into primary mouse kidney 
cells or RaM cells using the calcium phosphate 
technique and stable tranaf ormants were isolated 
after selection with Transection from the 

metallothlonein promoter was inducible with 
heavy metals and produced an oncomodulln* 
specific mltNA. The presence of c^comodulln pro-, 
tein in stable cell line* was verified by immuno- 
predpitation with specific antUera. While a plas- 
ild encoding the polyomavirus T-antigens was 



able to prolong the life-span of primary 
kidney ceils in culture, no e qui v al ent activity was 
noted when the pMTONCO plasmld was "used to 
transfect primary cells* When expressed in Rat-1 
cells, encornodulla did not affect the gro w th 
properties of these cells, nor did it predispose cells 
to higher frequencies of on c oge ni c transformation 
to a viral oncogene- We conclude that oncornodulis 
Is neither an immortalizing nor transforming agent 
in vitro* 



Keywords: oncomodulin, oncodevetopmental protein, 
trinsfonrutian. 



Introduction 

Oncomodulin was initially identified as a novel low 
molecular weight calcium-binding protein found in ex- 
tracts of nt Uver tumors (MacManus, 1979). Direct 
protein sequencing has demonstrated the sequence of the 
103 amino adds that comprise the complete protein 
(MacManus et a/, 1983). Recently, the amino acid 
sequence of rat oncomodulin has been confirmed, with 
die exception of a single amino acid difference, by 
- sequence analysis of s complete cDN A encoding this 
calcium-binding protein (Gillen et of. 1987). These 
results, in addition to earlier immunological evidence 
(MacManus, 1981a), clearly demonstrate that oncomo- 
dulin b distinct from previously described calcium 



is present in tumor tissue of Tat hepatomas (MacManus, 
1979), rat fibrosarcomas arid mouse sarcomas^ 
(MacManus, I981a>. In addition to its presence in 
fc^taneously occuring rodent tumors, oncomodulin has 
also been detected in solid tumors following the injection 
JL rodent transformed cell lines into nude mice 
(MacManus et al. 1982). The synthesis of oncomodulin 
has also been observed in the nucleus of virally trans- 
formed normal rat kidney cells m vitro (Durkin ft al, 
1983). The presence of s caldum-binding protein similar 
to rodent otwomodultn has also been observed in human 
tumors (MacManus and Whitfield, 1983; MacManus et 
at. 1984), cell lines derived from human tumors (Pfyffer 
et al. 1984), or tumors formed in nude mice following 
injection of transformed human ceil lines (MacManus et 



mna ng proteins, oui ***** rir :i„ ^^r^nlm m nt tumor tissue is resulated at the level 



considered a member of the troponin C superfamily 
(MacManus et al 1983). Oncomodulin shares the 
greatest homology with rat parvalbumin, at both the 
nucleic acid and the amino add level (Gillen et of. 1987; 
MacManus et al. 1983). 

In rats, oncomodulin is normslly expressed extra- 
embryonically in placenta, yolk sac and amnion (Brewer 
and MacManus, 1985). While oncomodulin has never 
been detected in normal adult rat tissue, interest m this 
protein stems mainly from the finding that oncomodulin 
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oncomodulin in rat tumor tissue is regulated at the level 
of mRNA transcription (Gillen et al. 1987). 

The role of oncomodulin, as well as its possible 
function within^ the tumor cell, renuins unclear. While it 
has been demonstrated that orKasmodulin has a calmodu- 
lin-like ability to stimulate the hydrolysis of cyclic AMP 
by rat heart phosphodiesterase (MacManus, 19816; 
Murus et al. 1985), and to a much lesser extent rat brain 
phosphodiesterase (Klee and Heppel, 19*4), oncomodu- 
lin does not generally mimic the activity of calmodulin. 
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Although oncomodulin has been shown to stimulate 
calcium-starved non-neoplastic liver cell DNA synthesis 
(Boynton a ai. 1982), the mterpretationiof this result is 
difficult, sine? oncomodulin is not present in regenerate 
ing liver (MacManus ind Whitfield, 1983). 

Like alphi^etoprotein (AFP) and carcinoernbryonic 
antigen (CEA), oncomodulin appear* in both developing 
and neoplastic tissues, and as suehTls considered an : 
oncodevelopmental protein (Brewer ind MacManus," 
1985), While oncodevelopmental proteins may be useful 
as tumor markers, their role, if any, in the development 
or progression of carcinogenesis remains unknown. In 
contrast, oncogenes clearly play a role ia neoplasia. At 
least two discenubte activities have been described for 
oncogenes m vitrp: their ability to^ immortalise primary 
cells and/or to transform established cell lines in culture 
(lUssouIzadejpn et aL 1982; Land"?* al. 1983; Ru!<ry, 
. 1983). Because ooramodurm appears to be almost ubiqui- 
tously present in rodent tumor tissues (MacManus, 1979; 
MacManus, 1981a; MacManus et al. 1982), and tince it 
has been shown to influence DNA synthesis indirectly 
(Boynton et' of, 1982), it ^wts of interest to determine 
whether the expression o? oncomodulin could influence 
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the morphology and growthjattern* of cells i n a manner 
similar to oncogenes. A recombinant clone permitting the 
expression- of rst 'oncomodjilin in-. mammalian cells was 
reconstructed and introduced: into primary baby mouse 
kidney cells or cells from the established Rat-i Une by- 
■DNA tranafectaon. Our results indicate that oncomodulin 
: does hot set as a cellular immonaliring or transforming 
sgent m vitro. - .- - 6 

RarttfUlt and methods 1 

Recombinant plasmids 

All enryraatk: reactions were performed as described by the 
manufacturer. Standard protocols for plasm id DNA purifi. 
.^^.r^^^o^ DNA faagment purifiotkm 
FtS, to*?***"** into bacteria were" empfcrved (Maniacs 

. Details of 'the constraction of the" pMTONCO plaSmiS ire 
described in Fig. 1. The starting plasmid,- pPXMT, was 
CTtginally..provided, by 'J. Sunbrook (University of Texas 

^r??/?/ 2 ^^? 1 S"*^ ~ ****** from J. A. 
I !!2f EI McMtlter Vmytnxxy). Apart from pWd sequences, 
pPXMT contains a 0.61b CUb-TO* bases) Kfml-Bgin frig* 
rnent of - the mouse metallothkineih I promoter and a 




Kpnl 



int tarn* 




Fig. t.-iSehnutic rcpreaentitibn-of the cloning 
•tcps involved in the construction of the 
rccombihmi pttsmid pMTONCO. 
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Bgi 11 (formally a Bell site) - Bam HI fragment (spanning 
nucleotide* 5235-2533) of the simian virus (SY40) early region. 
pPXMT was digested with Belli tnd Hmdlll to remove the 
"majority of the SYrO'early region, leaving ody SV40 sequence* 
from thcWtdlll-SawHI tite (nudeotides 3476-2533*), which 

: contain, among- other sequence*, the eariy SV40 polyscenyl* 
ition signal. The digested fragment . we* ligtted to a small 

-BamHI-tfmdUI polylinker fragment obtained -from the plav 
mid pGEM-1 (Proroega). The re*ultin£r<wom^ " 
wa* purified from Eicbericia coli GM150, a a^n n*^ 1 ?* 4 ** 
minus strain. pPMT DNA was cleaved by reatrjcQoti endoml- 
dease digestion, and -the large HmdlU-Bdl fragment waa gel 
purified. In parallel, a cDNA fragment of rat oocomoduttn, 
containing a rVmdIII linker at nucleotide +10 and t Sam HI 
linker past nucleotide +660 (GUlea el al. 1988) was gel purified 
and ligated to the large rYmdlll-cVtt fragment of pPMT. The 
resulting pUsrnid, pMTONCO, wu partially sequenced to' 
ensure that no alterttaons had occurred in sequences surround- 
ing the AUG translation mitUocm tbdon of bncnrnedulin.. 

Two other recombinant pUamids were also employed in this 
* itudy. p5V2NEO has previously been described (Southern and 
Berg, 1982). The plaarnkf pSV2NEOSVEBla was a kind gift 

-■ from Bernard Masate (Biotechnology -Research Institute, 
National Research Council of Canada). Briefly, pSVZNEOS- 
VEBla contains both the targe SomHI-Wwi -fragments of 
-pSV2NEO and pPSVEl-Bl* (Muller et al. 1944), so that the 
synthesis of neomycin or the synthesis of small, middle and 
targe T-antigena of potyomavirus are driven by separate SV40 
early promoter regions. 



Cell culture and transformation 

All ceils were propagated in Dulbecco*s modification of Eagle's 
medium (DMEM) supplemented with 10% fetal bovine serum, 
gentamicin (50f*gml ) and Fungizone (2-SfJgraT" 1 ). Cell* 
"were maintained at 37*C in a humidified CO* incubator*. Rat-1 
/cells, s subclone of Fischer ra£F2408 cell* (Freeman et al, 1973) - 
were obtained from J.A. Hassell _(McMaster University).. Pri- V 
mary mouse baby kidney "(BMKT cell* were prepared as 
described previously (Freshney, 1987). 

Cesium chloride gradient-purified tupercoilcd ptasrnid DNA 
was used to transfect Rat-1 or BMK cells. Rat- 1 and BMK cells 
were seeded onto 100 mm plastic dishes at a cell density 3.5* 10 s "■ 
cells/plate and 5x10* 'cells/plate, respectively. Fifteen hours 
post-plating, one ml of calcium phosphate- precipitated DNA 
(VTigler ef al. 1973) containing a total of 20 ft of DNA 
(consisting of plaamid DNA and calf thymus DNA if needed) 
wis added per 100 mm dish* The precipitate waa allowed; to 
settle on the R«t*l cells (4 h) or the BMK cells (overnight), after 
• which the precipitate vat washed off .with phoa^hate-buftered 
saline and fresh medium was added. At 48 h post-trsnafection, 
cells were put under G418 selection (400 pg ml" 1 for Rat-J cells, 
I20ftmr* for BMK cells). C4l8-reststsnt colonies were 
cloned 14 to 21 days post-transfection by lifting colonies with 
trypsin-impregnated Whatman paper, which was then de- 
posited in 24-cIuater mi cr o we ll dishes containing G418-sup» 
plemented medis. 

To estsblish cell growth patterns, cells were initially pitted st 
lx 10* cells per .60 mm plate. Sufficicnt.pUtea were establiahed 
such that duplicate 60 mm pistes of cells were tryptinixed snd 
counted St esch time point* To test the capaciry of cell* to grow 
without a solid support, 1 XlO 1 cells were suspended in 0.33 % 
(w/y) agarose in DMEM containing 10%-fetal bovine serum 
ind plated over a layer of 0.60% (w/v) agarose in the same 
medium. After one week, the platea were scored for the 
presence of colonies. 



Northern blot analysis 

RNA was extracted from ceila a* previously described (Ourg- j 
win et al. 1979)* Since the tncta frxiikjuuu promoter is rtspco- ! 
srYemh«*^met*lind>^ j 
- 2h m ftii^il^pfl^ft^M^P^^t^ (10 mar-txoe chloride, ■ 
-Hil mM-cadmiun chloride) before R2*X wi - ju^ Total RNA ' 
■t^OO/sg) *aa electrophoreticxlrr s eparated in a ocoaturiog | 
. ^ajroae/fpemalcWr^ t 
_jirnmidr rn trrifj rhr mTijrirj snrf ti mh i iMmjjq of th» RNA i 
.-Tsampk, and the- RNA was tra nafaltil to BzcroceQuloae ^ ' 
^standard trrhmrflrci (Maxuztk «t;at 1982). Rat Mf^ 'i^ 
^sec^Kncea were detected "by hyUkHiaii oo to a pPJCTP* 
labelled RNA probe complementary to the codms; t rmin o£ 
creor n o m t fin mRNA sequences, Hybri dliau ooa were per* 
formed at 60*C ta 50% tanaxntoc, SOmM<sodnsn p^r ta f 
(pH 7.0), 800 h^-sodxum : chloride. 1 mM-EDTA (pH 8-5), 
2JxDerihardt i sc^utioo, 250 fagmiT? dgn» m »-j aperm 
DNA and 500 gginl* 1 yeaat tRNA^Hrbrio^aatioa eabaures alao 
ccrotiiaed rad l oa cti re ly labelled RNA at 2X10* etstnin" 1 mT 1 * 
: Excess probe wjb reaaoved after hjtakHaaii oo by three succea*- 
~~ ive 30-mio washes at ;60*C m 50mM-«ocBum chloride, 20 cm- 
sodium phosphate (pH7.0), I mM-EDTA (pH 8-5) and 0.1 % 
-?■ (w/v): T aodium dodecyi sulfate (SDS). Pried filters were ex- 
- posed, with mtensxfymg screens, st — 80?C for 1-5 days with 
Kodak XAR-il2mV " 

Analysis of oncomodulin protein ^ 
Newfy synthesized proteins were mctabofica&y UbcSed by : 
incubating 8x10 s ceUs/60mro dtsh ss 0-5 ml tocthsooine-free , 
DMEM. axxtaming 100>iCi of [^incthmme (80QC , 
mmol )• ImnruoopreopTtanoo of labelled oococoodu£n pro* 
tein waa performed as previously described (Ouftfour et aL 
1986). Affinity-purified goat and-oococrjochilin IgG was Hndly 
provided by J J. MacManua (Drriaaoa o£ Bntofical Soences, 
Naoooal Research Council of Canada)* t m ^y** rt r^ w * i 'r* r,f ***^ 
proteina were separated by electroc^prcaas m a 15% SDS- 
polyacrylagade fd (Lsemrnlt, 1970). After gel ftoocogrxphy 
with Enhance (New England Nudesx), the gel waa dried and 
the labelled inirmxnopreoptcafied proteina were rts*ia fired by 
exposins; the gel for 14 days with XAR-5 Kodak film* 

A quantitative -analysts of o n co fn o ri ulrn protein levels waa 
performed by radioimmunostaaay uarosj a previously described 
protocol (MacManua et a!. 19S2). 

Rtwlta 



Expression of oncomodulin m Rat 'I ceils 
In order to assess directly the effect of orKornodtilin on 
cellular twtalormation, the recotnbtnint . pUarnid 
pMTONCO was introduced into an established rat 
fibroblast cell line (Rat-1) in which no expression of the 
endogenous oncomodulin gene wrta detected. Rat- 1 cells 
were trans feet ed with either 50 ng of pSV2NEO per 
100 mm dish or co-trxnafected with t mixture of 50 ng 
pSV2NEO and 250 ng pMTONCO per 100 mm dish* 
After selection, well-isolated G-4 18- resistant colonies 
were cloned. A C^18-reaistant Rat-1 cell line that had 
been transfected with pSV2NEO DNA waa isolated and 
this cell line, NE05, waa used ss a negative control 
throughout this work. Nine G-4 1 8- resistant colonies 
were cloned following transfecrion of the Rat- 1 cell line 
with predpttates containing both the pSV2-neo and 
pMTO NCO plasmids. 
Total RNA was isolated from either control (RAT-1 
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VS i Io ^r» <* *t * **• «P~» in « oncomodulia cDNA. Lane A contain* 

RNApunHcdjmm ra h^ornas, ind the arrowjndicate. the po.mon at which endogeneou. rat oncomodutin nWes^uT 
a 1 .4 % WfWfa^ehyde gel. Una B and C represent RNA isolated from Rit-1 and NEOS cell*, rap«ti^S A w^T 
taoUted from the ^ONC02-7^1iinc citj^r before (Un* D) or after <!*« E) cell, were induced 4lttl a i 
«m,Ur manner, RNA from the MT0NCOM2 cell line w** tsoUted before (lane F) or after (lane C) heavy rLSiWucln 
Note that the oncornoduin c^hybridmng »ped« in lane* D ( E, Find G do migrate with «L*£Z^^ 
RNA. In addmon, the ^ of the oncomodulin RNA produced by the MTONCOZ-T and MTQNCcSlZ cell 
differ by approximately iO-10O nucleotides. »PP«n w 



and NE05) cell lines, or from the nine G-413 cell lines 
isolated from co-tranafection «perimenta. The latter, cell ^ 
I lines were grown _ in "eiAer^ .norrnal or heavy metal- ;f_ 
supplemented media. Of the original nine cell Unea, five} 
: G-418 cell lines were found to produce detectable levels - 
of oncomodulin mRNA, and iri each case the synthesis of . 
oncomodulin RNA waa inducible by heavy metals (dat* ■ 
not included). Of these five cell lines, two (MTONC02- 
7 and MTONC02-12), producing different constitutive ~ 
levels of oncomodulin mRNA, were chosen for further 
study. The oncomodulin RNA pattern of expression of 
MTONC02-7 snd MTONCOZ-12 is shown in Fig. 1 
The presence of oncomodulin : mRNA can be seen in each 
case before heavy meiaji induction, but Ae onccflnodulin- 
specific mRNA. levels, increased approximately threefold 
after induction. The constituuve and induced levels of : 
oncomodulin RNA appear to ; be higher in the 
MTONC02-12 cell line relative to the MTONC02-7 cell 
line. The length of the RNA produced in the 
MTONC02-7 and MTONC02-12 cell lines sppears to 
differ byabotit 50-100 nucleotides.* 

To deteTmine J whether the RNA produced in these cell 
lines could be translated to produce authentic oncomodu-. - 
lin protein, [ M S]methibnine-iabelleo! proteins from con- 
trol (Rat-1 and MTONC02-Tand MTON.C02? 
12 cell lines were immunopredpitated with j anti-oncomo* 
- dulin smisera. An autoradiograph of the immunopreopi* ■ 
tated proteins, after separation by SDS-p^lyacrylamide 
gel electrophoresis and fluorography is presented in 
Fig. 3. Although all cell lines appear to have a HOOOAf, 
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Flf ^ J, Autoradiograph of irhmunopreciptuted -labelled 
protein with goat snti-ottcomndulin - antibody. Central 'cell " 
lines include the parental (Rir-lj and p3V2NEO-tfan*forrned 
cell line (NE05). Although all ceU lines appear to contain a 
14K~(K*l6 J Ar3 background protein, only the MTONC02-7 
and MTONCQ2-{i cell lines ihow a ipecific 12.6K protein J 
band that correlates with the expected molecular weight for ] 
authentic rat oncomodulin. 
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background band that is precipitated by the inti-oncomo- 
dulin antisera, only the MTON„C02-7 and MTONCOZ- 
12 cell lines contain a specifically immunopreapitatcd 
protein of the correct molecular weight for oncomodulin. 
In addition, radic*ramuneassays for OTcomoduHa were 
performed. While the RaM and NE05 cell line* con- 
tiined undetectable levels of oncomodulin (<2S tig onco- 
modulin mg" 1 total protein) both the"MTQNC02-7 and 
MTONC02-12 ceil lines produced sijmificajft amounts 
of oncomocfUHn.-rn particular, in me absence of heavy * 
metal stimulation of the rocthallothtonein promoter, the 
MTONC02-12 cell line produced upward* of 1500 ng 
oncomodulin rog" 1 total protein. This level of expression 
is comparable to previously reported results for the 
oncomodulin levels teen in transformed rodent and 
human cell lines in vitro (MacManus et a/. 1982). 

To characterize the influence of oncomodulin ex- 
pression on pattern* of cell growth;-^© MTONC02-7 
and MTONC02-12 celtlines were assessed for their 
growth rate tnxulture^the ability of cells to form colonies 
in soft agarose and the ability of cells to form dense foci at 
confluence. For comparison, the growth patterns of the 
Rat-1, NEOS and Rat-ISMLT cell lines were also 
evaluated. Rat-ISMLT is ' t rx>fyo™vW-trW 
Rat- 1 cell line derivative that expresses all three 
T-antigens, which was isolated following the introduc- 
tion of the pSY?NEOSVEB li plasmid into the Rat- 1 ceil 
line. The histogram in Fig. 4 indicates the growth rate of 
the various .cell lines. Both- the MTONC02-7 and- 
MTONC02-12 have growth rate* comparable to the~ 
parenul and pSVZNEO<ohtaaning cell lines, while the 
transformed Rat-ISMLT cell line dkplays a faster 
. growth rate and is capable of attaining higher cell 
densities. In addition, mobility >pf oncomodulin-pro- 
ducing cell lines to grow without solid support was 
determined. Cells were seeded 1 in soft agarose and al- 
lowed to grow for a period ofc7-10 days. As shownin 
Fig. 5, only the polyomavirus- transformed cell line Rat- 
ISMLT was able to grow without solid support, and 



neither the MTONC02-7 nor MTONC02-12 cell lines 
displayed significant growth m soft aaroee. Finally, 
while the Rat-ISMLT cefl line did noVaWay contact 
inhibition and readiry formed foci as cells rta*fae4 conflu- 
ence, the MTONq02-7 and MTONC02.L2 cell lines 
resembled the parental Rat-I.cefl fine in their inability to 
fpnn fod, even in heavy metai^ip^Waneated media, 

-Wealsowis^ 
expression of oocoa»oHilL^ r whik not by itself a trans- 
fonaing agent, could ^redanose cell to oncogenic ■ 
tri^ormation. For this r^fpos*^ freq u ency at w&kh 
dif ferent ceil lines could be transformed by the olasznid 
P SV2NEOSVEBla was assessed and the restuTpre- 
•cnted in TaWe 1. The trassfocrztttioQ frequency k not 
Kneax with DNA cmentxanoo, -since such a linear 
reutionship occurs only at low DNA cc«ce&trstx»s 
(<2Q ng) t and it has pre^rkwsly been shown that as the 
amount of DNA becomes aanxratmg the specific' trans- 
Table L Effect ofoncomoduBt extxrxhn on tKc 
fi*jv**cy [of neoplastic transformation 



Celt lint 



DNA cuuctnomij oot 



RaM 

mos - 

MTONC02^7 
MTONC02-I2 



2075 
2195 
3250 

560 
760 
1300 

700 
580 
750 

«S 

W30 



0.1 

0.05 

0.01 

0.1 
0.05 
-0.01 

04 

0.05 

0.01 

04 

0.05 

0.01 



if Cilculiwd m the total numbez of foci per um ot 
pSY2NE09YEBlsDNA. 
J t Concentration of pSVZNEOSVEBU DNA per 100 mm <T«h. 




■ ftat-l 

■ RjM SMLT 

■ NEOS 

E3 MTDNC02.7 
□ MTONCOM2 



1 - :5 : 7 
Number of dayiln culture'' 



Fig* 4* HtBtognxn rcpreaen taring 
the growth rate of Cell lines in 
culture. Included are the growth of 
the parental Rat- 1 ceil line, a 
pS V2NEOS VEB W-trWocmcd 
;'«4Km.(IUt4SMU) l .a. - ~- - 
pSV2Nip triuttfected eetHiries 
(NE05); and two mdependently 
aoUted MTQNCO/pS VZN EO co- 
tramfected cell line* (MTONC02* 
7 and MTONCOMZp 
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Rat-1SMLT 



MTONC02-12 



forming activity_dcc!inea unuT »-pl*tct\r it retched (Mes 
and Hasseil, 1982), Nonethlesa, the expression of onco- "~ 
modulin does not appear to potentiate ceUular jranafortn- 
ation, as the MTONC02-7 and MT6NC02-12 cell lines 
displayed ap p ro xima tely the same frequency of trans- 
formation after transection- irith pSY2NE0SYEBla 
DNA as the NE05 control^By^cpraparinf their rate of 
growthin culture and their ability to form colonies in soft 
agarose,- pSVlNEOSVEBU-transfdnrte^ derivatives ol 
both the MT0NCO2-7 and MTONC02-12 cell lines 
displayed; growth patterns indistinguishable from 
pSV2NEOSVEBla : transformed Rat-l cells. 

Expression of oncomodulin in primary cells 
Some oncogenes, while unabte to transform established * 
cell lines in culture, are capable of indefinitely prolonging 
the lifespan of primary ceila tn culture and have sub- 
sequently been referred to aa immortalizing genes- (Ras- 
soulzadegan tt al. 19S2; Und et al. 1983; Ruley, 1983), 
An example of this type of immortalizing gene is the large* 
T-antigen of polyomavtrus. In order tb assess whether 
the expression of oncomodulin could confer an immortal 
phenotype on primary cells, 10 of pMTONCO plas- 
mid was xo-transf cried with IQptg of pSV2NEO plasmid 
per 100 mm dish of BMK. cells.. As controls, both 
. pSYZNEO and pSyZNEpSVEBIa were independently 
trarisfected onto BMK celb at acbncentratioasf 10 ot 
plasmid :DNA per lCCmi^. plate. In all cases"celis were' 
put under G418 selection and G418-rraisttnu atonies 
were cloned. The survival rate of individual colonies is 
presented in Table 2, Greater than 50 % of primary cells 
isolated after transfection with the pSV2NEOSVEBla 
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Fig. 5. Growth of cells tn soft agtrae. Only the 
^rotnavirus^rmnsfonped cell line (Rjt-ISMLT) vu 
able to fonn colonies in a lenu-tolkl environment. 
Neither the pamitat celt lioe (Kit-I) nor the 
0fKc^n<)duUn^rrssing cell lines (MTONC02-7 and 
MTONCOM2) dUpltred appreciable growth m eoft 
agarose. Celts were photogrtphed through a dissecting 
microscope at a magnification of X 15. 

Table 2. Effect of oncontodidm expression on the 
ability to done and propagate BMK cells in culture 





CcU Eoet ocablahcd/ 


Tramfonnmc 
DNA? 




-= Experiment 

Z ~ 3 


. pSYZNEOS VEB U 
>3V2NE03VEBU - 

- ^pMTONCO 

pSVXNEO+pMTONCO 
>SV2NEO / 


4/6 - 

-VI ' 

Q/4Q 


2/3 5/9 
1/3 S/9 

0/12. 0/16 


•DMA mti to trwfoct BMK c*U*. 





plasmid could sustain continued growth in culture, while 
to cell lines could be established "after transfection of 
^primary cells with pMTONCO DNA alone. 

To ensure that the oncomodulin mRNA could be 
produced in primary cella, the pMTONCO and 
pSV2NEOSVEBla plasmid* werer co-tririafected onto 
BMK cells and three G41S-reststant cell lines were 
established. RNA was extracted from these cell lines, 
leparated by gtl electrophoresis and probed for the 
presence^ of bnCTmcdulin-specific RNA sequences. The 
results are presented in Fi$. 6. 3ffhile all three cell lines - 
produced pqlyprriavirus^i>edfic' RNA {data* not in— 
eluded^, afleast one cell l>ne alaoe^.resse&RNA specific 
to oncomodiilih. ".Thus, we-} conclude J that the 
pMTONCO construct" is expressed in primary cells. 
Since there sppears to be rio impediment to oncomodulin 
expression in primary cells, the inability to isoiste ceil 
lines after transfection of the pMTONCO plasmid onto 
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Fig. 6. Northern blot iiulyais of *G4I8-*eIected 
pSY2NEOSVEBls/MTONCO eo-transfected primary BMK 
ceils. The arrow by lane D mdioterthe poutxon « which 
oncomodulin RNA migrates wuKih a 1.0% igirow/ 
formaldehyde gel. 'Of RNA* extracted from three randomly 
selected ceil lines (lane* B, C and D) producing 
polyomayirus-iperfic RNAs, at least one cell line (lane C) 
also produce* oncomodulin-tpecific RNA from integrated 
MTONCO sequences. ^ „ 

BMKrceils indicates that oncornoduHnJa^not an immorta*-. 
lizing agent in vitro, t " 

Dltcuuton 

Aa rat oncomodulin ta expressed in a wide variety of 

tumors, it was of interest to determine if oncomodulin in 
any way contributes to or facilitates the^development of 

^cancer. In this initial, study, it was. invesngated whether 
oncomodulin acta in a manner analogous to oncogene* m 

. x?rfro. For this purpose, m expression vector containing : 
the rat oncomodulin cDNA was introduced into both an : 
established cell line and primary cells. derived from, 

. mouse kidney. 

A recombinant plasmid (pMTONCO), in which the 
synthesis of oncomodulin-spccinc RNA is under the 
direction^ of the metallothionein promoto^ was used in 
these studies. The^jMTONCO, plasmid waajntrpduced 

. into RaM cells and the expression qi oncon^ulin- 
specific RNA was -verified. The^two cell line* chosen for: 
further study, NTfONCa2-7;»«d MTONC02-12 f pro- 
duced bncomc^ulin^pecffic rlNA of different length. We 
believe thif difference is due to differential utilization, of 
polyadenylation signals, where -MTQNCOZ-7 csll line 
uses the authentic oncomodulin polyadenylation signal. 



and the MTONC02-12 cell line utflues the SV40 poly- 
adenylaDon signal. It ta not know why these different ceil 
line* .employ different pb'ry*den^*tioQ signals, although 
it is cjlcaj that *he S V40 txgnaBs iiclhiuily the p tc f ai:c 4 - - 
, wte^mce four^ 

-ceipfia utilixeUe SY^ ^ryt^feiVlat^ signal (data not 
ujclyaed). The p MTONCO pJasmid did direct the 
tyntE«>or^ h was shown .V 

'^^^f "Vthe in^KCO&Itod: NiTONC02-12teell - 
tmearcould:* p<oteiir-of= pred i c ted molecular weight-be 
apeqgcallyin^ antiserum directed, 

again* onconkduHxu Since the level of oncc*nodulin 
protein, aa judged by radioimmuoeaaaay, waa comparable 
to the level aeen in transformed cell Uses (MacManua rf 
a/, 1982), we pntuaae that the MTONC02-7 arid 

. MTONC02-12 cefl fine* axe suitable candidate* for tbe 

" analyaia qJ otramcdu^ 

: - #^otsc^^ MTONC02-T- 
tnd MTGN C0242^ were derived fcSo Rat-l 'eeUaV ai 
" established rat cell One. Both cell lines were compar ed ' 
with an oncogenkally tranafonned cell line, tfece many 
of the phenfctypic change unique to transformed cells . 
tffsS'. tbe_ ratj? -sjntd jSattsn. rf cell growth. Hie 
MTONCO^-7 iM->nXSNC02-12 cell lines, showed 
similar denaityrdependent growth inhibition present in 
nontransformed cell line* (Honey and Kicrnan, 1963). : 
By contrast with normal cells, many transformed celt 
tines grow efficiently in aemi-solki medium (MacPbersoo 
and Stoker, 1964}.. OtxxmxKlulin-o^ cell lines . 
were unable to foro colonies in soft agar, and IfcapLayed 
growth ratea and saturation clenshiea comparable to the 
. untranafonned parental cell line. Therefore, by a number ' 
of criteria, the presen ce of oncomodulin in an established 
cell line does not appear to confer grtmthxharacteratfcs 
"iwnnally aasociat cd with cellular trinaformaooo. We 
have, not tested whether the -MTONC02-7 and 
-MTONC02-12 cell line* are tbfc to form tumors in, 
syngeneic animaia. However, since a loose correlation 
exista between growth in soft agarose in vi fro and tunwr 
formation in vtvo (Frecdxnan and Shin, 1974; Shin ex ai. 
1975), C4Komodulm-produona; cells would not be 
expected to be tumorigenic, although this pcwbilhy 
cannot be dismissed entirely. - 

To investigate whether bncornodulin might act in a 
. more subtle manner to influence • oncogenic transform*, 
atiotj, the MTONC02-7 and MTONC02-12 cell liriea>. 
vrere trana/ormed with the pS V2S YEB la plasmid. While 
oncomodulin is not able to initiate transformation of Rat- 
I celia, it is conceivable that the p resen ce of oncomodulin 
might make cells, more auaceptib|e to the effects of a 
transform! ng oncogene* From our results we conclude 
that, in this m vitro system, expression of oncomodulin 
does hot increase the transforming frequency of the 
pSV21SEOSyEB.la5las^nid, nor.doea it appear to affect 
Aeigrowth characteri»€ca^of pdryoh^virus-trar^orrn^ 
t cells. J ; ■ . % ~ ,". 1- ^ .. • " :K I ' 

S ince the. higheai expression "of oncomodu lin Js npr* 
mally found in" the J outer jplacenta (Brewer and 
rMacManua, 1995). ^t. ia, ternpting to speculate that 
oncomodulin mig^t function to enhance Jturnoir invasive- 
ness or rnetastasis. This hypothesis seems unlikely, since 
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oncomodulin Is 1U0 normslly present in non-irmsive 
imnion (Brtwtr and MtcMtnua, 1985), tnd it has been 
.shown that no correlation exists between the level of 
Oncomodulin expression and tumor vigor (MicMinus 
*nd Whitfierd,.19o3y. Oncomodui^n-pro4ucing polyocru- 
vjrus-tx»Ji3fo>rfljcd cells were not tested for their ability to 
form tumors in animals, although this analysis would 
. directly address whether the expressioaqf oncornodulin? 
confers a growth 1 advantage to transfttmed ^Us^iirt vivo 7 : 
during tumor fprrnationiX . "V"^"^" _ ^ 

1 Some oncogenes, ->hiie r no"t able to transform cells ih5 
culture, appear to .be able to indefinitely prolong the"* 
lifespan of primary cells in cultures and have been 
referred to as immortalizing genes (RassouLradegan ef a/. 
1982; Land et al< 1983; Ruley, 1983). Though we have 
demonstrated that oncomodulin-spccific RNA- can be 
produced by the pMTONCO construct in primary cells, 
we were unable to show: that expression of bncompdujin .." 
altered the lifespan of pnmjiry cills'xn culture". Thus we ^ 
conclude tjut oncomodulin does not set in a manner 
similar to immortalSing Igents. 

To date, our attempts , to uncover an oncomodulin- 
specific activity that would play a role in mmpr develop^ 
ment have been Tma*xec*s?rfaL 

here rely heavily on in vitro tissue culture systems, 
parallel experiments were initiated to assess the role" of 
oncomodulin w vivo. For this purpose the pMTONCO 
plasmid was.microinjected into fertilized mouse .embryos 
in order to generate transgenic mice. The results of these 
experiments- will, _ be o^us^^^ensiyely elsewhere : 
(Chalifour et -ok v 1989)._>iowever l It appears that jex-.' 
pression of oncomodulin is incompatible with the normal: 
development of the mous*» tnd live birth* of oncomodu- 
lin-expressing transgenic animals were not observed*. 
TRough we can conciud^hat_. oncomodulin doe* not act 
iitef an oncogene "in' vSfoZ 'we cihnot rule out the 
possibility that the expression of oncomodulin in some, 
way influences* tumor formation t n vivo . 

Weihsnk J. A. HssseU, J. P. MscMsnus and B. Mastic for 
providing tome of the reagents used in these studies. We are 
grateful to J. P. JVfacManus for performing the rsdioimmuoe* 
assays. We also thank F. Got&ard for helpful discussions and 

- critical reading of the manuscript. y 
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Abstract 

Insutio secretion is controlled by a complex set of factors that . 
delude not orjy filucos* but amino" acids, catecholamines, and 
;intestioaJ hormones. We report that a novel glucason-Jike pep- * 
jrinc, corencodfd with glucagon ia the tfueagon ftene ts2a potent ■■ 
iasuUnotropic factor, TheVglu^on^et^^^ i:progIucsgon 
that contains In its sequence glucagon aad^dditiork glucagon- ' 
Hie peptides (GLPs). Toese GLr^ i axe liberated hod prog!a- 
cagan Jn bcth the peeress and btestia.es/GtJP-I exists in at 
least two forms: 37 *riao *dds GU^UZTX aria 4 31 amino 
acids, GLP-IC7-37). We studied the effects or synthetic GtP-ls 
on insulin secretion in the isolated ~perfu>«d rat pancreas. Ia the 
presence of 6.6 mMglncose, GLP-I(7-j7) .is a potent stimulator 
of insulin secrerion at concentrations as lot* as 5 X 10"" M (3- : 
to J Wold increases orer basal). CLP-Kr-3^ had no effect on 
insulin secretion even at concentrations as hirjh as_5 X 10" 7 M* 
The" earlier demonstration of sp^Efic liberation of &LP-I(7-37) 
In the intestine and pancreas, and the nasjnltndeuf the instill- 
nntropic effeft at such low cooctnfrarions, suggest that GLP- 
1(7-37) participates in the physiological regulation of insula, se- 
cretioa, * 

Introduction"- 1 ^' ~ ' ~ 

Pancreatic glucagon and intestinal giicentin arc s^thesixed in 
the form of a 180-residue protein, preyrogiucagon encoded in 
c single gene (1). The precursor contains ia addition to giiceutin 
and glucagon the sequences of two. glucagon-uTce peptides 
(GLPs) 1 , GLP-I and GLP-n, separated by an mterveriog peptide 
HP-II) (2-5). The c<ssttr?nsUtionalptcce^ 
differs in pancreas and intestine (J, 6). In the pancreas the pie- 
cursor is processed lo glucagon and GLP-t, and in both large 
and small intestines giiceutin, GLP-t, GLP-H titd I^n-teucine- 
amide are found. Both pancreas and intestine contain GLP-I in 
at least two forms— 3 1 and 37 residues long ( I,). 

The close similarity of the amino add sequence ofjbLP-Ts 
and GLP-II with glucagon and the other pepudes related. in 
structure to glucagon (secretin, vasoactive intestinal peptide, 
gisiricinhibitory peptide, growuS hormone-releasing hormone) 
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suggests that the GLPs might have a rcte tn metabolic regulation, 
ute specinc liberation of GL?-i and CLP-II in the intestine 
indicates tetec glides may be exponents of the entero- 
msular_;uis (7), which comprises iBuIic^wtesiituI factors in- 
fluencing the release of hormones produced in. the pancreadc" 
islets. Further, they may> tncreuns, endocrine transmitters 
p ^. ttcsd "V 1 ** 'Sastromtesiinal tract that "are refeased'by nu-' 
tneptt and stimulate insulin secretion in me presence of elevated , 
glucose if exbgenebusly fnfesedfo amousis -ot exceeding blood 
lc*«UacWcy^afteTocd ingestion 

1(1-37) and "GLP-K7.37) in j»ncreas and imenines raises the 
possibility that CLP-« 1-37) is itself apwhirnsone-Oatnadergoa 
a proteolytic cleavage atlhe single argiaiae- residue at position 
6 to release the biologicanv active GLP-K7-37). In these scries 
. we used synthetic <3L?-I(l-37) and GL?-I(707) to investigate 
their effects on insulin «reuan in the perfused rat pancreas 
and find. that. GLP-I(7-37) has Uniquely potent insuUnotropic 
actions. : V -~- « -:_ . > - : ' . - 



Methods 

SymhaU of petite. Glucagon and Gl^-Is were r^thestzeo by the 
stepwise sclidiphase method (?). Because ift> assembly of ihe peptide 
cfcun procetiasin the earbdxyj- to the amiru**ermiaal dirccaoo, GLP- ' 
1(1-37) and GLP-IC7.37) were prepared in _0te same jyathesb by separating 
the peptide rain after incorpcrciian of a protect histidyi residue at 
pcation 7 and coutintang the assembly of ammo adds pa the other 
aliquot of the peptide resin to,obtain BToteced GLP-ia-37) pepdde resis. 
Pepudes ^'purified by preparative reverse-phase G- 1 % chromatography. 
Purified pepades were shown to be homogeaeoB by amino acid analysis, 
preview-wouenee analysis: and hiah peribrinanes liquid chromatOBrachy 
(HPLC) on reverse-phaie C-13 and ioa^exchaate DEAE-52 coluinns. 

Radfoimmimc^ayi~Dt\tlaQmezt of the aausera and ccmp«Sitivc 
binding ndiaimmur.aaisays far alucwan and CU»-t iredescribed else- 
where (IV In brief, samples .were incubated .with the anusera in borate 
buffer (pH- 8.1) for 2.4 h at 0*C, fottcviad by addition of ,u Mabe!ed 
pepUde for an .addiuonal 24 h in a totai^olueie of 0.5 mL Separation 
of the^ antibody bound from the free peptide was accomplished. with- 
dettmn-coated charcoal. Assay Scavtivity ^ zatiscn. w« 10 
pg/ml. The anUsemm aaaiost GLP-t was obtained by immunization 
with GLP.I(t-3r ( and is directed against both :he irnino-tcrminal (1-6) 
yui of the molecule and to 7-37 determinant. Therefore, the amount 
of GLP-I{7- J7) may b? over or underestimated with respect to GLP-K r- 
¥ft in the assay. The.assay& an ^ 
. rat insulin saridard?(Novo Rc^arch lrisututei Copenhagen, Deamarfc). 

Rahperfused pencrtos experiments, ^The preparation of the in situ 
isolated fat pancreas hasbeen described previously (il. 12). The perfusate 
conoined bicaxbonate HiftV CpH 7.4)-ind ; 1 20 mg/dl glucose 4% dextran 
T-70. and 0.2%. bg vine serum albumin, and was equilibnted with 95% 
O: and S% CO : . The first 20 min of each perfuse n '-as an equilibration 
period and is not rrpresented in thc^data graphs. : 
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After the iniiiai 20-mi'n cquilfcraiion period, aliquot* of perfume 
werc rrmoved ^wy 2-* win for additional 7-0 min. thus allowing the 
system 10 equilibrate for a toul of 40 min. The perfusion, with CLP- 
KI07)43rCLP.t(7-J7), wu f or 6 min aod samp les were cotlcctol at I- 
mm mfcrvali. The peptide perfusions, were followed by equiUbrauon 
pcnodtpflO min. during which foursamplesS min span were collfeed- 
A second 6-min perfusion fonowrffvith the same pcpu'dVas the first 
perfusion only at 100 times higher anceatntion of peptide. Again, sam- 
ples t min apart were co Heeled, the entire perfusion time was between 
'0 And 35 min. - . _ 

In each; aliquot ef perfcsau Stained! insulin wairdeterroiTed-by - 
radioimmunoassay Oi-additton the efficiency of deliveryijf the W-S' 
was confirmed by radioimmunoassay ofcorrcspondin : g ai?quoisj>rpcr- 
fusarc ir. whidi insulin was measured (1). 



Results 

To optimally study the effects^ GUM(7.}7> and GLP-l(l-37) 
on irwu;in seeredonVe used sepaSue perfusiolis:with each pep- 
tide, perfusing twice attwo different concentrations of peptides 
. and allowing 20-mugtime intervals between the two perfusions. 

rr ° f SCpantC ******* usin* ibis protocol, 

. .GLP.I(7.^ 1^ a potent sdmubtocof insulin secretion, giving 
-about a 20-fcJd aimuktiqrtat* xjq-* Mand tsbfetd sum- 
• ubuon «J X lOr 11 M (Fig^I). jn comparison, GUM(I-37), 
also studied in two increases/ showed to effect on insulin se- 
crctton at either 5 X ! 0" or 5 X m M (Rj. 2 ). At the tatter 
concentration no effect.was ob-ervekevejt during a t ^mia per- 
fusion period (Fig. 2 5% * 7 
, z Using a shghUyoiffeTent perfusion protocol than- that de- 
scribed above (Figs, r and 2) we gave allernate 5-rain infusions 
of the peptides at concentrations ranging from 5 X WT T to 5 
X 10- M to five additional incuvidlia] rWreases. We repro- 
ducibly observed insulin release in response to GLP-I(7-37) at 
concettrations as low as 5 X i 0 -« Kf, ?xd little if any insulin 
responses to GUM(l-37) at coTicentrations as high as 5 Xl0~ T 
M. Thus,' the potent insulinotropic acttens of CLP-IC7-37) have 
been observed in studies of seven: serjarate rwcrcases.--- 

Effects of glucagon on insulin secretion in She perfused pin- 
era have been established previously (13). We also compared 
the effects of glucagon to that of the GLP-Is/ We used synthetic 



glucagon in the concentration range of lO-'-lO-' M and found 
it to be less potent than GLP-;r-3T). 



Discuss inn j£. 

The remits of these studies dearly ideate that GLP-t(7-37) tr-. 
pc^enansulinotropjn aciviry. T^^bcrauon of this peptide fr« 
1D terser extent in the pancreas" 

raisj the possibiliry that GLP-^37) has* role in endocrine 
re^Utton in u>e entero-in^ids (7). Our ditavtaken together 
with eartrer cbservanons that glucagcn-like immuno reactivity 

m TfZES* CXtrMS ^ re!eascd i OS =snon of giuccse 

and fat; (8) suggest that CLP-K7-37) could potentially be an 
mcmin. Ot all the known intestinal hormones tested for their 
uisuli^releasing potency in the past, gastric inhibitory peptide 
has been considered u a posszcie incretiu (14, AS): However, . 

_ irje cpneentranoos of gasiricirmfcitory peptide required to stira- * 
^.ui^xaztiwaged the physiolcpc levels of the peptide - 

■ *^e*Qtf alter a meal. Th tfie m^^rtused "pancreas in the presence 
of 8.9 mM glucw-gasmcjr^^ 

icroHn secT^on sixfold (15). We 5nd a cocparaWe increase in 
inaUin^ecreiion with GUM(7-37) at concentrations 100-fold 
lower-man these reaped (bran nasMnotropc response to gastric 
inhibitory pepu'de,3y raxuoiraraunoassay we have measured 
both GLMfl-37) and Gl«(M7) levels of - 150 pg/ml (50 

* blood {S. :;Mojso*, :mpj^^ ^ 
notropic effect that we Have ohseryed "at conceacrations ofGLP- 
f(7-37) oflxtweea 5;and 50 jj 
levds of GLP-lp-37) ^ found in the"circulat"oa 

-..There has been considerable fmertst in the potential intra- 
net relationships which might occur between A, B, andD cells, 
such that the secretory product of one cell type might influence 
the function of a neighboring ce3 07)* Intaactida could" take 
place vta;a paracrine . ra crhan^ or through a local intra-islet 
. portal system. Glucagon can stimulate both anil soma- 

tostaun Secretion (12, 18), but because .there appears to be a 
fcnctiot&l comrjartmentauzaJSon between islet cdls, it is undear 
whether ^ucagon can actually reach B and D ecus (19). Taking 
into account the \fescular arrangement of the rat islet, the glu- 




Kgiur ?.TtK effects of sepa- 
rate perfusions in "rwo represen- 
tative pancreas GLP-l(7-37) it 
. concer.raa";ai Z X t0' M 
; pdS 'x ifO" , M.5o/«f //>t«. 
insulin values oVrtermipoi by 
radio! tnmunoasiy. Dashed 
amount of peptide per- 
fused u determined in a com- 
_ pedu've binding radioinamu- 
~. noosiy with aiuscra against 

<iLP-\{i^7l The amount of : 1 
^ CU».I(707)tt 5 XM0' M Mis 
beyoi»d the detection sensinviry 
of the rddioimmunoasay. Each 
: graph nrpfeacntra perfusion, .of 
= 'raepvate pancreas with i 
giv^n' peptide. " 
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i^eeSk-iof srparate - 
~A?eSniahj"in worcsreseaative 
" Faccraj with GO»-[(l-J7) at 
two concentrations. S X Or* and 
J X 10" ' M. Details of the cper- 
imeat and explanation of rym- 
bo|i are described in legend to 
Fig. I. 



Sfcl ~« ? r * e 1 f 0 ^ therefcrrfglueagonrnay not 
reach the 3 cells m hish enough concenteuJon to exert a sig- 
mfi^jniluenee (2?>. The mantle of A »ff b cells arei hoWevel 
^cent and tha jBjces the possibifity of^Crine interaction 
-SS* japeHmenal sup^n forsueh an inter- 

-Won » not available. The finding that GLP-I(7-37) i, a more . 
S 1 ^!* ******* 4m glucagon raises important 
questions about its potential atra-istet rot* ->:*■ : 

' Gt A ??'!!l M , d T*" 5 ^-'^ * g!ucagon..GLM<7-37) and 
SencT, Tf Y ^^^otieriarjheir aiSno arid 
Kquencs and to vascmtesanal peptide t6w. possibly exerts a 
neuronal summation of insuEn secretion (21). A most striking 
similarity among them is U.e conservation of a histidine residue 
at poation 1. It is noteworthy that gastric inhibitory peptide. 

. also^tosely rebted in Its ssucture to the.CEPs, has'* ^rfne 
residue at position I instead of hista^r^. Inasmuch "a?:, 
hisudme residue at this position beaeniial for adenylate cyclase 

2S2K2r e8BP S? «"/ in P« be accounted 

for by the nisadine substitution for tyrosine (23) 

Additional evidence in support of the concept that GLP.«7- 
37) « a potent .nootropic peptide is provided by our reoL 
observauon that GLP-!(7-37), and not GUM(l-37) or GUM 

tewaT ^,^M r f f^"? **« « ^ncentrauons Z 
mRNA aBd^nlLi^ ? *^ simulates .cellular levels of insulin 

I ? J< ?^^%Mojso<W. t. Chick.-and 

'""f • maBU *npt « Preparation). Further. cvdies by 

■*?riv a- «««««>"* "f the peptide GilM([06 

do Gly-Arg amide) were required to release insulin (24) 

Determining whether GLF-;(7-37) is the hormone "whose 
primary function a to stimulate insulin secretion in response to 
(ceding, or u one of a complex group orhormones involved in 
matnumtng glucose homeostasis, will require "further investi- 
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